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ABsTRACT. Metasomatic alterations of the Late Proterozoic andesites
at Gabal El Dokhan area display obvious change in mineralogical and
chemical composition, if compared with the least altered andesitic
rock types (assumed protoliths). These altered andesitic rocks have
been metamorphosed to lower-middle greenschist facies typified by
biotite-actinolite-chlorite-albite-epidote-quartz-opaque minerals/sphene
assemblages. Five alteration facies have been recognized: 1) Bio-
titization-silicification, 2) Sericitization-silicification, 3) Albitization-
silicification, 4) Epidotization-silicification, and 5) Chloritization.

The biotitized-silicified rock types are enriched in K-Rb-Ba-FTSM
and depleted in LREE relative to the least altered rock. The se-
ricitized-silicified rock types are significantly enriched in K-Rb-Ba
and depleted in FTSM and LREE. The albitized-silicified rock types
are strongly enriched in Na and depleted in LILE and LREE relative
to the least altered rock types. The epidotized-silicified rock types are
enriched in Ca-Cu-Pb and depleted in LILE and LREE. The chlo-
ritized rock types exhibit relative enrichment in Mg, FTSM, Zn-As-Pb
and depletion in LILE and LREE.

The behavior of the Ti, Al, Fe,, P, and most HFS elements during
biotitization, sericitization, albitization, epidotization and chlorit-
ization suggests that they were inert during metasomatic modification
of the andesites. Mass balance calculations suggest that volume
change was restricted between zero and up to + 20% for the altered
upper andesites and —25 and up to +25% for the altered lower an-
desites during the different types of metasomatic facies. Elemental
mobilities are interpreted in terms of the controlling mineral phases
and the possible nature of the various metasomatising fluids.
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Introduction

During hydrothermal system, weathering, metasomatism and metamorphism,
emplacement and crystallization of magmas, chemical components are re-
distributed among fluid and solid phases. Metasomatism has played an im-
portant role, resulting in considerable elements redistribution and re-
equilibration of the major rock-forming minerals. The actual gains and losses
that take place in metasomatic alterations cannot be obtained without knowl-
edge of the relationship between composition and volume changes that ac-
company the process. The importance of composition-volume relationships has
been recognized by Poldervaart (1953), Turner and Verhoogen (1960), and Bo-
golepov (1963). In the study of metasomatically altered rocks, the immediate
questions concern the nature of the original rock and gains and losses of com-
ponents necessary to produce the altered rock. By careful consideration of the
petrology and field setting of an area, one may be able to determine a "least- al-
tered equivalent". This is probably the major step in unraveling the alteration
process. Assuming that this has been done, one has to consider next the basis
for determining the relative gains and losses that gave rise to the altered rock. In
some cases the assumption of constant volume seems to work, in some, constant
alumina, and in other cases, other components seem to have been relatively im-
mobile (Grant, 1986). The procedure used in this paper demonstrates how gains
and losses may be calculated using the actual chemical analysis.

Gabal El Dokhan area has been the subject of several studies since early his-
toric Roman time. Several authors described the Dokhan volcanics as post tec-
tonic, almost unmetamorphosed volcanic rocks, represented mainly by an-
desites, porphyrites, rhyodacites, pyroclastics and Imperial porphyries (Akaad
and Noweir, 1969; and El-Ramly, 1972). Others suggested that Dokhan volcan-
ics are propylitized by post magmatic regional and thermal metasomatic pro-
cesses (Gobrial and Lotfi, 1967, Basta ef al. 1979; and Khalaf, 1994).

The studies of metasomatic alterations are important because they provide in-
formation concerning the physical and chemical properties of the ore-forming
fluids, and because they characterize the ore-related alteration signatures which
may be useful in mineral exploration. Despite the mineralogical and geo-
chemical changes that accompany such metasomatic alteration, many inter-
pretations of chemical fluxes have assumed that rock volume is conserved (Riv-
erin and Hodgson, 1980, and Gibson et al. 1983). Most arguments for
conservation of volume are based on good textural preservation in the altered
rocks, but volume changes are hard to assess in rocks with fine grained me-
sostases (Lesher et al. 1986). In view of the significant mineralogical changes
observed in the metasomatic altered volcanics, the assumptions of constant vol-
ume metasomatism might not be necessarily valid.
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The principal objectives of this study are: i) to assess the nature of chemical
mobility during the hydrothermal alteration of Dokhan volcanic rocks; ii) to
place constraints on volume changes during such alteration; iii) to identify
those elements, which remain immobile during such metasomatism. These com-
putations have the advantage over binary variation diagrams in that they are ca-
pable of comparing individual analyses in a metasomatic environment with a
common parent. They also reveal the interrelationships between and within
groups of elements and their relative mobilities.

Geological Setting

The Dokhan area lies to the northwest of Hurghada on the Red Sea coast. It is
delimited by latitudes 27°17'34" - 27°19'59" N and longitudes 33°12'30" -
33°15'00" E. The studied area is mainly covered by volcanic sequences, Ham-
mamat facies sediments, intrusive rocks and younger rock dykes (Fig.1). The
volcanic rocks are unconformably overlain by Hammamat facies sediments es-
pecially at the southern side along Gabal Umm Tawat. These volcano-
sedimentary rocks are intruded by different suites of intrusive rocks including
gabbroic and granitic rocks besides bimodal mafic-felsic rock dykes and ptyg-
matic folded quartz veins.

The studied volcanics at Gabal El Dokhan are part of Late Proterozoic vol-
canic series of Arabo-Nubian massif which is known in the Northern Eastern
Desert as Dokhan volcanics according to their type locality Gabal El Dokhan
(1661 m above sea level). The Dokhan volcanics represent an important strat-
igraphic unit within the Egyptian basement complex. These volcanics are es-
sentially composed of andesites and andesitic pyroclastics with subordinate ba-
saltic andesites conformably overlain by eruptions of rhyolites and ash flow
tuffs. The andesites are massive, unfoliated and well exposed along a large
number of wadies draining Gabal El Dokhan. Interbedded with the andesites are
banded tuffs, volcanic breccias and agglomerates.

Detailed field mapping of the Dokhan volcanics revealed that the andesites
and associated pyroclastics can be divided into two different volcanic se-
quences, termed lower (or older) and upper (or younger) andesitic rock se-
quences (Khalaf, 1994). The lower (old) eruptions are mainly composed of am-
phibole-free andesites and pyroclastics as well as minor basaltic andesites,
which are exposed along wadies Sidri, Umm Lang and El-Atrash. The upper
(young) eruptions are essentially composed of amphibole-rich andesites and py-
roclastics including the famous Imperial porphyries exposed only along wadi
Maamal, where they cut across the early andesitic sequences in the form of vol-
canic plugs and sheets. Occasionally, these Dokhan volcanics are affected by
shear zones, resulting in schistose pencil structure trending generally N 25° W
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Simplified geological map of the study area.
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and dipping 57° SE. Greenschist metamorphism has modified the mineralogy
and texture of these volcanics especially along shear and fault zones. The highly
sheared and altered rock types have been metamorphosed to lower-middle
greenschist facies typified by chlorite-actinolite-albite-epidote-quartz-opaque
minerals/sphene assemblages, even though the preservation of volcanic textures
and lack of any penetrative fabric indicate that the degree of deformation is
minimal. The nature and degree of alteration varies from one rock group to an-
other and may be overprinted by granitic contact metamorphic events. Along
the granitic contacts, these andesites are granulated, hybridized, mylonitized,
thermally metamorphosed, with hornfelsic, decussate and granoblastic fabric
and display intensive silicification, biotitization, sericitization and pigmentation,
with red feldspar phenocrysts dispersed in aphanitic groundmass. Generally, the
propylitic alteration (epidote, actinolite, chlorite, and quartz) is the most wide-
spread facies through the entire volcanic sequences, while the phyllic (sericite,
quartz) and potassic alterations (biotite, orthoclase, sericite, and quartz) are
dominant and localized along the contacts of granitic rocks and quartz veins. Si-
licification typifies the Dokhan volcanics on a regional scale, related spatially
and temporarily to the intrusion of granitic rocks and hydrothermal solutions. It
manifests itself as irregular white patches and as halos mantling amygdales and
fractures. This alteration is pervasive and characteristically patchy; the end re-
sult is a heterogeneous-looking rocks, with dark green areas of weakly silicified
andesites (weathered brown) adjacent to and gradational with irregular area of
white, strongly silicified andesite. Hydrothermal fluids associated with volcanic
exhalation and granitic rocks were channeled and discharged by volcanic faults
that breached the volcanics and produced different types of alterations. All al-
teration types are found within the volcanic sequences. The highly meta-
somatised rock types cannot be recognized in the field as the altered rocks look
entirely fresh and undistinguishable from the original ones. The alteration, how-
ever, affects the mineralogy of the rocks as seen under the microscope and is
most conspicuous in chemical composition.

Petrography

Based on the field and petrographic criteria, two andesitic rock types have
been recognized. Younger amphibole-rich andesites cut older amphibole-free
andesites and associated pyroclastics. The petrographic characteristics of the
least-altered andesites from the two volcanic sequences and corresponding met-
asomatised rock types are described below.

Least-Altered Andesites

The least-altered lower andesites consist primarily of glomeroporhyritic pla-
gioclase feldspar (Any,), clinopyroxene, opaque minerals, and accessory apatite
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with secondary quartz, sericite, and epidote set in a fine grained groundmass
displaying trachytic and hyalopilitic textures. Plagioclase feldspars (46% by
mode) occur as zoned and twinned subhedral crystals. They suffer slight kao-
linization and sericitization. Clinopyroxene (13% by mode) displays pale green,
faint pleochroism and slight alteration to uralitic hornblende, accompanied by
opaque minerals especially along cleavage and crystal borders.

The least-altered upper andesites encompass essentially zoned plagioclase
phenocrysts (Ans;), green and brown hornblende, brown apatite with quartz,
Mn-epidote (piemontite), opaque minerals and sphene as xenocrysts embedded
in a fine grained groundmass exhibiting subfluidal and felty texture. Plagioclase
crystals (30% by mode) form cumuloporphyritic clots and subophitic texture
with hornblende crystals. Oscillatory zoning is a common optical feature within
the plagioclase crystals. The plagioclase phenocrysts suffer a slight degree of al-
teration through sericitization. Hornblende glomeroporphyritic crystals (18% by
mode) occur as euhedral to subhedral fresh crystals of green and brown types.
They display twinning and strong pleochroism. Microprobe analysis shows that
the most dominant hornblende crystal types are magnesio hornblende (green
color) which grade to magnesio hastingsitic hornblende (brown color) especial-
ly along crystal borders. From the above description, it is clear that the least-
altered lower and upper andesites are fresh rocks and are petrographically char-
acterized by: 1) the absence of schistose texture; ii) the absence of veins; iii) the
clean and fresh appearance of phenocrysts; iv) the paucity of opaque minerals in
the groundmass.

Biotitized-Silicified Andesites

The biotitized-silicified andesites have coarse porphyritic texture with dom-
inant plagioclase, actinolite and brown biotite as phenocrysts. Opaque minerals,
sphene, quartz and apatite form xenocrysts. All the phenocrysts are set in quart-
zofeldspathic groundmass. The plagioclase forms glomeroporphyritic clots and
suffers slight to complete alteration through kaolinization, sericitization and epi-
dotization. Plagioclase phenocrysts have dusty and inclusion-rich core, mainly
of opaque minerals, glass and quartz displaying sieve texture. Occasionally, pla-
gioclases are mantled by orthoclase (Fig.2A). Shreddy biotite occurs as an-
hedral xenocrysts, displaying strong pleochroism and replaces the groundmass
(Fig.2B). The groundmass consists essentially of feldspar microlites, re-
crystallized quartz granoblasts, actinolite, biotite, opaque minerals, sphene and
apatite with granoblastic texture. In strongly silicified andesitic rock types,
quartz xenocrysts concentrate preferentially in the empty spaces as pockets,
amygdales and linings of vesicles.
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Sericitized-Silicified Andesites

The sericitized-silicified lower andesites consist essentially of completely se-
ricitized and kaolinitized plagioclase with seriate porphyritic texture. Quartz
xenocrysts and opaque minerals form the secondary minerals. Apatite is the
most common accessory phase. The groundmass encompasses the same phases
as the phenocrysts and occasionally interstitial glass. The sericitized-silicified
upper andesites contain sericitized plagioclase glomeroporphyritic clots and
chloritized hornblende with secondary quartz, Mn-epidote (piemontite) and
opaque minerals. All the phenocrysts are set in a fine-grained groundmass high-
ly enriched in sericite and quartz granoblastic.

Albitized-Silicified Andesites

The albitized-silicified lower andesites are porphyritic and contain primary
plagioclase, chloritized clinopyroxene with secondary quartz, epidote and
opaque minerals. They are set in a devitrified fine-grained groundmass. The pla-
gioclase (Any ) suffers different degrees of kaolinization, sericitization and epi-
dotization. Occasionally, epidotization is complete, so that epidote (mainly zoi-
site) replaces most of the plagioclase crystals especially at the crystal cores.
Plagioclases encloses granoblastic quartz and opaque minerals as poikilitic in-
clusions giving spongy like appearance (Fig.2C). The groundmass is crypto to
microcrystalline and contains quartz xenocrysts, sodic plagioclase laths, opaque
minerals, epidote and recrystallized biotite flakes. The albitized-silicified upper
andesites consist essentially of epidotized plagioclase glomeroporphyritic clots
and highly resorbed hornblende with well developed opacite mantles (Fig. 2D).
Quartz, piemontite, opaque minerals and sphene form secondary minerals. The
groundmass is tuffaceous in nature and contains albitized plagioclase microlites,
quartz-epidote filled amygdales and resorbed hornblende with felted to micro-
litic texture.

Epidotized-Actinolitized Andesites

The epidotized-actinolitized lower andesites contain completely epidotized
plagioclase clots and actinolite with secondary quartz, chlorite, carbonate and
opaque minerals set in quartzofeldspathic fine grained groundmass with amyg-
daloidal and granoblastic texture. The epidotized-silicified upper andesites en-
compass epidotized plagioclase, actinolite with secondary quartz, opaque miner-
als and sphene. The groundmass consists of albitic plagioclase microlites,
epidote, quartz and carbonate-chlorite filled amygdales with felted to fluidal
texture.
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Chloritized Andesites

The chloritized andesites have a texture ranging from almost aphyric to
strongly porphyritic with dominant phenocrysts of epidotized plagioclase and
chloritized clinopyroxene. Quartz, epidote, sphene and chlorite form the sec-
ondary minerals. All the phenocrysts are set in a devitrified glassy groundmass
with hyaloplitic texture.

The petrographic investigations therefore indicate that chloritization is an ear-
ly alteration that was operative in the lower andesites prior to extrusion of the
upper andesites. Sericitization and albitization postdates the chloritization. Silic-
ification is a later alteration that affects all the stratigraphic units and is super-
imposed on previously mentioned alterations.

Geochemistry

Major and trace elements of the rock samples were determined by X-ray fluo-
rescence (XRF) at the Institute of Mineralogy and Petrology, Bonn University,
Germany, on a Phillips 1480 automated X-ray fluorescence spectrometer. The
program used for the calculation of element concentration was Oxiquant distrib-
uted by Phillips for their XRF spectrometry. The chemical analyses are sub-
jected to certain errors. The major element determinations have certain errors up
to = 2 rel.-%; those of trace elements have up to = 8 rel.-% or even + 12 rel.-%
in the case of REE.

For clarity and brevity of description, several of the elements analyzed in this
study are grouped according to their geochemical characteristics namely; large-
ion lithophile elements (LILE: K, Rb, Ba, Sr), first transition series metals
(FTSM: Mn, Fe, Zn, Sc, Ti, Cr, Ni), high field strength elements (HFSE: Y, Zr,
Nb) and light rare earth elements (LREE: La, Ce, Nd, Sm). The significance of
these grouping and the geochemical characters of the altered rocks relative to
the least altered rock types will be discussed further below.

The whole rock geochemical data for the 20 analyzed altered samples in addi-
tion to the least altered fresh rock samples (samples SIII.1 and MA.14) from the
two Dokhan volcanic rock sequence are given in Table (1). The rock samples
were collected from the various stratigraphic units and the alteration facies. The
sample suite comprises biotitized-silicified andesites (S.26, SVI.1, and SVI.3),
sericitized-silicified andesites (S.46 and SIII.3), albitized-silicified andesites
(S.47, SIL.5, and SD.1), epidotized and chloritized andesites (SIV.5 and SF.1 re-
spectively) from the altered lower andesites. Besides, sericitized andesites
(MA.16, MIIL4, and MV.2), albitized andesites (MV.12, MIV.8, and MIV.11)
and epidotized andesites (MA.11, MV .4, MI.6, and MA.42) have been collected
from the altered upper andesites. Sample locations are shown in Fig. (1). An-
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desite as used here is describes the rocks with intermediate silica content within
the range 58.5-66% Si0O,.

The geochemical characteristics of the least-altered andesites (assumed proto-
liths) and the major alteration facies at Gabal El Dokhan (Fig.3) are described
below. Alteration must also be evaluated before the petrogenesis and tectonic
setting of ancient volcanic rocks can be interpreted (Condie, 1981; and Ludden
et al. 1982). The superposition of some alteration types (e.g., sericitization on
silicification) hampers resolution of the precise alteration signatures of some fa-
cies. Many of the rock samples, however, are dominated by one type of altera-
tion, so they are discussed below in terms of that alteration.

Least-Altered Andesites

The least-altered rocks of Dokhan andesites (SIII.1, and MA.14) and their
equivalent rock types in the studied area are classified as calc-alkaline volcanics
on the basis of major element geochemistry (Irvine and Baragar,1971). The
Dokhan andesites show pronounced enrichment in LILE and LREE and slight
depletion in HFSE. The upper andesites are characterized by strong FTSM en-
richment relative to the lower andesites. On the other hand, the chemistry of the
lower andesites displays relative enrichment in total alkalies and LILE if com-
pared with the upper andesites. The lower and upper andesites correspond to
Andean type subduction-related magmatism; i.e. diagnostic ratios for arc lavas
such as high LILE/LREE, LILE/HFSE and LREE/HFSE characterize the entire
lava suites. Chondrite-normalized REE abundance for andesitic volcanics show
LREE enrichment and low HREE pattern concentration with less negative Eu
anomaly. Khalaf (1994) concluded that polybaric fractional crystallization with
assimilation and /or magma mixing models can explain the evolution of the
Dokhan volcanics at their type locality, Gabal El Dokhan.

Biotitization-Silicification

This type of metasomatism is widespread particularly in andesitic rock types,
which lie near the intrusive granites. The typical reaction includes replacement
of feldspar by biotite/or sericite and sometimes plagioclase by potash feldspar.
The presence of pseudomorphous replacement of the phenocrysts by shreddy bi-
otite is diagnostic of potassium metasomatism. Biotite-quartz alterations of the
lower andesites are characterized by LILE (K-Rb-Ba) and FTSM (Cr-Ni) en-
richment and depletion in LREE, relative to the least-altered andesite (SIIL.1).
FTSM elements are accommodated in biotite crystals, while K-Rb-Ba elements
are concentrated in biotite, sericite and orthoclase. The relative Ca and P de-
pletion probably reflects the breakdown of apatite. The remaining elements ex-
hibit minor dispersion, but appear to have remained relatively immobile.
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Sericitization-Silicification

Sericitization in the lower and upper volcanic sequences exhibit K-Rb-Ba en-
richment and slight depletion in Ca, Sr and LREE especially in the altered lower
andesites, relative to the least-altered andesitic rocks (SIII.1 and MA.14 re-
spectively). The large alkali elements are concentrated in sericite during the
breakdown of feldspar, whereas divalent Ca and Sr are excluded. The sericitized
andesites are enriched in Si relative to the fresh andesites, reflecting silic-
ification (albitization?). The upper sericitized andesites show pronounced Cu-
Pb enrichment, relative to the least-altered andesite (MA.14). The remaining
elements exhibit minor deviation and behave as immobile elements.

Albitization-Silicification

The albite-quartz alteration is characterized by Na enrichment and slight de-
pletion in LILE (K-Rb-Sr-Ba) relative to the least-altered andesites. During al-
bitization of feldspar, Na is retained in albite, but LIL elements are excluded
during devitrification of volcanic glass and its alteration products which contain
these elements. In many instances, devitrification of acidic glasses, particularly
when induced by hydrothermal solutions, leads to major changes in the total
rock composition, affecting the glass as well as the crystalline phases of the
rock. The general trend is a metasomatic replacement of Na by K, an addition of
Si and H,O, and more rarely, of small amount of Al as well as an increase in the

Fe¥'/Fe?  ratio (Ewart, 1971). The lower albitized andesites exhibit enrichment
in FTSM elements which are accommodated in the chloritized clinopyroxene.
With the exception of minor P, the remaining HFSE are immobile. Those liber-
ated during the breakdown of the igneous assemblages (and/or lower grade pre-
cursors) are accommodated in the alteration assemblages.

Epidotization-Chloritization

The epidote-chlorite-quartz alteration of the two andesitic sequences is char-
acterized by mild Ca enrichment and strong depletion in LILE (K-Rb-Sr-Ba) rel-
ative to the least altered andesites. The lower epidotized andesites exhibit strong
enrichment in FTSM elements (Mn-Mg-Sc-Cr-Ni) which are accommodated in
chlorite, while Ca is accommodated in epidote. The LIL elements are expelled,
probably reflecting the breakdown of volcanic glass and its alteration products.
The remaining elements show minor dispersion behaving as immobile elements.

Chloritization

The chlorite alteration is characterized by strong enrichment in FTSM ele-
ments and slight depletion in P, LILE and LREE, relative to the least altered an-
desite (SIIL.1). FTSM enrichment reflects complete replacement of pyroxene by
chlorite and epidote which accommodates these elements.
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Composition-Volume Computations

The observed major and trace element concentrations in the alteration prod-
ucts are mainly controlled by chemical properties of the precipitates. Many geo-
chemical studies have demonstrated the mobility of major and trace elements
during hydrothermal alteration. Such processes are controlled by pressure, tem-
perature, fluid composition, waterrock ratio and time (Lesher et al. 1986). Sev-
eral geochemical studies (Condie et al. 1977) have demonstrated the mobility of
the large ion lithophile elements (LILE). In contrast, HFSE are potentially much
less mobile. On the other hand, Ludden ef al. (1982) and Nystrom (1984) dem-
onstrated the potential mobility of the light rare earth elements (LREE) during
extreme epidotization and carbontization. P and U'*Care also potentially mobile.
They have high ionic potentials and may be soluble as complex anions in the
hydrothermal fluids (Mason, 1966). The first transition series metals (FTSM: Sc
through Cr, Mn through Zn) have different crystallographic site preference en-
ergies and may exhibit several valencies, so that their geochemical behavior is
somewhat less predictable. Their mobility is largely dependent on the stability
of the mafic silicate phases which contain them.

To evaluate major and trace element mobilities in the studied altered volcanic
rocks and place-constraints on volume change during such alteration, composi-
tion-volume calculations are performed following the methods of Gresens
(1967) and Avison (1985). Gresens (1967) derived equations, which were later
modified by Babcock (1973), to express the chemical relationship between the
whole-rock composition of metasomatic rocks and a parental or initial rock
composition (assumed protolith), quantifying the actual exchange of material
between parent and product rocks. Gresen's basic argument is that some com-
ponents are likely to have been immobile in the alteration process, and that if
these components can be identified, they can be used to establish any volume
change which has taken place. Gains or losses of other components can then be
calculated assuming that the volume change is a factor common to the behavior
of all components. Gresens general equation can be expressed as follows:

a {Ky(PPPY) xB-x4y - Ax, =0 1

Where K, is the ratio between rock 4 volume to that of rock B; P and PBare the
rock densities, X,f and Xf are the weight fractions of element n, and AX), is the
absolute mass flux of 7 between rocks B and 4. At constant volume (K= 1) :

Ax, = { XB(PB/P1y- x4 2

and for constant mass (AX, = 0) :

Ky = { x4 pYxB pB 3
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Avison (1985) suggested that the numerical magnitude of AX, is not directly
comparable with that for other rock components. Such relationships can be clar-
ified if the values of AX, are normalized relative to the original parent rock con-
tent of each component n, so that:

— A
AF" = AX,/ X 4

Using the known compositions and densities of the rocks (Table 1), solutions
to Eqn. (1) are linear functions of AX, and K. Graphical analysis (Fig. 3 in Gre-
sens, 1967) of composition-volume relationships between the least-altered an-
desite (assumed protolith) and the altered andesites and associated andesitic
rocks indicates that the HREE and most HFS elements have been relatively im-
mobile. The linear solutions to Eqn. (1) intersect in clusters corresponding to
negligible mass changes within a very limited range of volume factors. Thus,
the composition-volume relationships can be mathematically calculated (Table
2) and graphically illustrated on simple enrichment-depletion diagrams fol-
lowing the method of Lesher et al. (1986). In this method, the degree of enrich-
ment/depletion is represented by K, forAX, = 0 (Fig. 3). Propagation of sam-
pling and analytical uncertainties in the calculations result in dispersion in K,
for most elements. The assessment of the composition-volume change can be
detected if certain elements have a constancy values of K}, and AF" which can
be interpreted that those elements have remained relatively immobile (Gresens,
1967 and Campbell et al. 1984). The value of the composition-volume com-
putations is revealed from Fig. (3) and Table (2) using equations (3) and (4)
when performed on the bulk analysis of the least-altered andesites and different
alteration facies of propylitic andesites. The indicated volume factors (log K,
for altered rock types range from 1.00 to 1.39 for SIII.3 and SVI.3, through +
0.7 for SD.1 and SIV.15 and, to —1.39 for SF.1 (Fig.3 A, B, C, D, E and Table
2). These correspond to volume increase up to 10 and 25% in sericitized and bi-
otitized-silicified andesites respectively, conservation of volume in albitized-
epidotized-silicified andesites and volume decrease up to 25% in chloritized an-
desite. Concerning the upper andesites, the indicated volume factors extend
from 1.00 through 1.17 to 1.30 for MA.16, MIV.8 and MA .4 (Fig.3 F, G, H and
Table 2). These reflect volume increase of up to 10, 15 and 20% in sericitized,
albitized and epidotized-silicified andesites respectively. The similarity of some
major and HFS element ratios in the entire suites and the similarity of HFS ele-
ment abundance in the least-altered andesites (SIII. and MA.14) and the most
altered rock samples confirm that the use of SIII.1 and MA.14 as the least al-
tered rock types is justified. Thus, elements which preserve interelement ratios
have probably remained relatively immobile.
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Discussion

The geological interpretations of composition and volume changes in the
studied altered volcanic rocks are impeded by several uncertainties. First, the
present metamorphic mineral assemblages are not necessarily those of the orig-
inal alteration assemblage. Second, the hydrothermal alteration probably oc-
curred under varying physiochemical conditions during the dynamic evolution
of the volcanic pile and the geothermal system, resulting in continuous and su-
perimposed alteration. Third, the REE behavior in hydrothermal system is very
complex, and there appear to be no simple rule applicable to the wide range of
geological hydrothermal situations (Lesher et al. 1986 and Terakado and Fu-
jitani, 1998). In spite of these limitations, the geological results can be made
through comparison with the experimental studies and with mineral as-
semblages predicted by equilibrium thermodynamic calculations. The chlorite -
actinolite - albite - epidote - quartz - opaque minerals/sphene mineral as-
semblages of the altered volcanic rocks are typical of low grade, regionally met-
amorphosed mafic volcanic rocks (Jolly, 1980; and Gelinas et al. 1982). Similar
mineral assemblages are forming in the basaltic and andesitic reservoir rocks in
Icelandic high temperature (more than 200°C) geothermal systems (Tomasson
and Kristmannsdottir, 1972; and Kristmannsdottir, 1975).

Silicification

Silicification is a pronounced metasomatic alteration facies in the andesitic
volcanics and results from the addition of silica. The concentration of dissolved
SiO, equals or exceeds quartz saturation in most experimental studies at 150 to
500°C (Mottl, 1983). Experimental studies of silica solubility in water (Ken-
nedy, 1950) indicate that quartz solubility is strongly dependent on temperature
at temperatures above the water-vapor critical point (374°C, 218 bars). Only at
temperatures less than about 350°C and at higher temperatures with pressures
greater than 900 bars, quartz solubility decreases markedly with decreasing tem-
perature. Accordingly, the silicification probably resulted from cooling of hy-
drothermal fluids that are initially less than 350°C. With time and progressive
silicification; permeability within the volcanic rocks would decrease (Facca and
Tonai, 1967).

Sericitization/potassium metasomatism

Sericitization/potassium metasomatism is characterized by replacement of
sodic and calcic phases by potassic phases. Exchange of K for Na and Ca may
be accompanied by silicification, addition of Cu and hydration. All the authors
attribute the chemical changes to potassium metasomatism by hydrothermal so-
lution or vapors (Simons, 1962 and Macdonald, 1975). These observations
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agree with the experimental results. Truesdell (1966) showed by the membrane
electrode method that the ion exchange between silicic glasses and dilute aque-
ous solutions is highly selective with a selectivity sequence 2H" > 2K > 2Na* >
Ca’* > Mg2+. If the hydrothermal solutions are acidic, alkalis are leached and
the altered nature of the rocks is, in most cases, readily recognized by the pres-
ence of clay minerals, zeolites, or alunite and the dissolution of feldspar (Agron
and Bentor, 1981). Alteration by alkaline solutions, however, frequently leaves
no obvious indications and the rocks are entirely fresh looking as are those of
Gabal El Dokhan area. Na mobility appears to be dependent primarily on the ef-
fective water/rock ratio, while, experimental studies indicate that K mobility is
dependent primarily on temperature. K is leached from basalt at high tem-
perature (more than 150°C) (Bischoff and Dickson, 1975; Mottl and Holland,
1978 and Menzies and Seyfried, 1979) but removed from solution at lower tem-
perature (Seyfried and Bischoff, 1979). This suggests that sericitization/
potassium metasomatism of the altered volcanics is a late stage and probably
occurred at water/rock ratios more than 10 and lower temperature (less than
150°C) during waning the hydrothermal activity.

Albitization

Albitization usually accompanies epidotization or chloritization in the volcan-
ic sequences. Characteristic mineralogical changes in highly altered rocks in-
clude replacement of calcic plagioclase by sodic plagioclase and mafic minerals
by chlorite and actinolitic amphibole, followed by prominent epidote. Na and
Na-Ca metasomatism are characterized by exchange of Na for Ca or K and sec-
ondarily by Ca for Fe and Mg. They grade into calcic alteration in some rock
varieties. Na-exchange at high temperatures (more than 150°C) is influenced
primarily by the effective water/rock mass ratio (Seyfried and Bischoff, 1979).
Na is leached from basalt and enriched in solution at water/rock ratios more
than 10, whereas Na is removed from water and fixed in basalt (Mottl and Hol-
land, 1978) at water/rock ratios less than 5. Rosenbauer et al. (1988) also sug-
gest that excess silica, high Na/Ca ratio and low Mg content in the fluid are re-
quired to form these types during deep circulation of seawater. In any case, the
formation of albite and epidote-rich alteration assemblages in volcanic se-
quences requires an evolved Mg-depleted fluid. This is probably water, mod-
ified by reaction with mafic or felsic volcanics lower in the stratigraphic se-
quence, or by mixing with magmatic fluids from subvolcanic magma chamber
(Campbell et al. 1981). The appearance of epidote and disappearance of albite
is interpreted to reflect decreasing Na/Ca ratio and increasing temperature and
pressure of the hydrothermal fluid.
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Chloritization

Magnesium metasomatism results from exchange of Mg for Fe and Ca ac-
companied by hydration. Experimental and theoretical studies by Mottl (1983)
and Reed (1983) indicate that chloritization may occur at all water/rock ratios,
and that chlorite-quartz assemblages are dominant at high water/rock ratios
(more than 50). Chloritization is also characterized by LREE depletion. LREE
fractionation has been reported in chloritized felsic volcanics by Baker and De-
groot (1983) and Campbell ef al. (1984). The LREE fractionation accom-
panying chloritization probably reflects the breakdown of LREE-enriched ac-
cessory phases (Clark, 1984). The sympathetic depletion of P-LREE in the chlo-
ritized andesitic rocks suggests that breakdown of apatite is responsible for the
mobility of these elements.

Conclusion

In conclusion, the classification of metasomatic rocks in Table (3) has been
prepared together with a qualitative assessment of the probable nature of the
metasomatising fluid by employing the calculated data Table (2) K}, and AF”"
values along with petrographic descriptions.

The present study revealed the relative mobilities of many of the major and
trace elements (summarized in Table 4) during metasomatism and low-
greenschist metamorphism together with their probable controlling phases. It is
clear from Table (4) that Ti, Al, Fe, P, Zr and Nb coupled with P/Zr, Ti/Zr and
Al/Zr display minor dispersion and behave as immobile elements. The im-
mobile characters of these elements are well illustrated through their nearly con-
stant values of K}, and AF" . On the other hand, the Mg, FTSM, LILE (K-Rb-
Ba-Sr-Ca) form a predictable group of elements which along with LREE and
occasionally Y exhibit an organized pattern of mobility. This study has illustrat-
ed the potential of composition-volume computations and their superiority over
conventional binary element plots, in characterizing metasomatism at a semi-
quantitative level.

Summary

Five alteration facies at Gabal El Dokhan area have been recognized based on
the mineralogy and geochemistry, namely biotitization-silicification, sericit-
ization-silicification, albitization-silicification, epidotization-silicification and
chloritization. Some of the chemical modifications are very similar to those ob-
served in hydrothermal altered volcanic rocks elsewhere in the world, or pro-
duced in experimental studies and predicted by theoretical models.
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Relative to the least altered andesite (assumed protolith), the biotitized-
silicified andesites are enriched in K-Rb-Ba-FTSM and depleted in LREE. The
elements like Ti, Al, P and HFSE particularly Zr are immobile and retain their
original abundances which indicate volume increase up to 25 percent. The se-
ricitized-silicified andesites are strongly enriched in K-Rb-Ba and slightly de-
pleted in Ca-Sr-FTSM, whereas the albitized-silicified andesites are enriched in
Na and depleted in LILE and LREE. The immobile elements which have con-
stants values of Ky and A F" indicate that volume change shows minor vari-
ations (zero/+15 percent) during sericitization, but it exhibits moderate dis-
persion (— 5/+15 percent) during albitization. Concerning the altered upper
andesites, the immobile elements show volume increase up to 15 percent during
both the sericitization and albitization. The epidotized lower andesite is en-
riched in Ca-FTSM and depleted in LILE and LREE accompanied minor vol-
ume loss up to 5 percent, but the epidotized-silicified upper andesites are en-
riched in Na-Ca-Cu-Pb and depleted in P-FTSM and LILE accompanied
volume increase up to 20 percent. The chloritized lower andesite is strongly en-
riched in Mg-FTSM and depleted in K-Rb-Ba and LREE with volume decrease
up to 25 percent.

Silicification is a widespread alteration facies that characterizes lower and
upper andesites and probably resulted from cooling of hydrothermal fluids at
water/rock ratios < 50 and lower temperatures (250-350°C). Sericitization prob-
ably occurred at water/rock ratio more than 10 and lower temperatures (less
than 150°C) during waning hydrothermal activity, whereas albitization occurred
as the result of excess silica, high Na/Ca and low Mg content. Appearance of
epidote and disappearance of albite reflects decreasing Na/Ca ratio, and in-
creasing temperature and pressure of the hydrothermal fluid. Chloritization is
primarily a product of water-rock interaction at high water/rock ratios (probably
more than 50).
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