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Petrology and Copper Geochemistry of the Lower Part of
the Tertiary Yemen Volcanics,
Utma Area, Yemen Republic
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ABSTRACT.  This study concludes that the rocks from the lower scquence
.of the Tertiary Yemen Volcanics. in the Utma arca are composed of por-
phyritic, intergranular, and uncommonly spinifex textured clinopyroxenc
(augite and diopside). olivine. ca-plagioclase, and magnetite. This sequ-
ence is interpreted to represent mafic, non-cumulate cffusive volcanite that
formed at shallow depth. Pumpellyite, chlorite, glass. magnetite, sphene,
epidote, serpentine, and calcite are among the secondary minerals that
were formed by subsequent low-grade metamorphism.

Geochemical analyses and norm calculations of 33 representative sam-
ples from the Utma lower sequence suggest that the rocks are undersatu-
rated, high-Mg tholciites characterized by high MgO, TiO,, Ni, and Crand
by low Si0O,, AL,O,, and alkalies contents. Silica. MgO, St. Cu, and possibly
Ni were remobilized during alteration and low-grade metamorphism. while
TiO,. Cr, Nb, Zr were immobile and very much controlled by fractional
crystallization.

Geochemical data from Utma were compared with data from various
parts of the world and plotted in CaO-MgO-AlLO, and Al O, vs. FM diag-
rams. This study shows that the analyzed rocks resemble those of the Bar-
berton low Al-rock serics (Viljoen and Viljoen 1969), with high TiO, and F/
(F+M) values and possibly they are not komatiites.

Orc microscopy shows the presence of very fine-grained disseminated,
veinlets, and amygdale-filled with native copper. Copper is abundant along
fractures and joint surfaces. Analysis for Cu of separated silicate and iron-
oxide fractions shows that the silicate minerals are the source of syngenetic
copper, copper was leached and reconcentrated epigenetically in amyg-
dales and fractures, along with hematite. Pumpellyitization of primary min-
erals produced metamorphic fluids with tavorable geochemical conditions
for the precipitation of native copper.
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Introduction

Widespread volcanic activity occurred in the Yemen and adjacent areas during the
Late Cretaceous and Early Tertiary which is believed to be associated with the verti-
cal uplift of the Afro-Arabian dome and rifting of the Red Sea (Gass 1970; Chiesa et
al. 1983; Almond 1986; Camp and Roobol 1989). As a result tremendous amounts of
fissure-erupted and caldera eruptive centers, dykes and volcanic flows were formed,
particularly in the central highlands of the country, covering almost 45,000 sq. km
(Heyckendorf and Jung 1989) (Fig. 1).

| B4 Yemen volcanics

!I The Area Studied

Asphaltic Road
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FiG. 1. Location map of the study arca and cxtent of the Tertiary Yemen Volcanics.,
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Previous research on the geology and geochemistry of these volcanic rocks can be
summarized as follows: Guekens (1966) studied their general distribution within the
general stratigraphic column of Yemen and called them “Trap Series”. Grolier and
Overstreet (1978) and Kruck (1983) renamed them the “Yemen Volcanics™ and
“basaltic plateau of Yemen”, as defined by Capaldi er al. (1987a). Grolier and Over-
street (1978) have looked more closely at the petrology and chemistry in some
selected arcas. The Yemen Volcanics are composed mainly of basalts, andesites,
trachyandesites, trachytes, rhyolites, ignimbrites, and tuffs. There are also subordi-
nate fresh-water “Inter-Trap™ sediments that represent quiescent periods during the
Cretaceous-Early Tertiary volcanic activity. The above studies showed a gradual
change of rock composition from the bottom (basic rocks) to the top (acidic rocks) of
the scction.

The precise age of the Yemen volcanics age is not well established, K/Ar dating by
Civetta et al. (1978) gave a 30-21 Ma for the extrusive rocks around the Dhamar-
Rada volcanic field. Whereas, Menzies et al. (1990) reported an age of 43.5 = 21.2
Ma for the eruption of the basal alkaline voleanics. Civetta e al. (1978) concluded
that thers were at least two distinct periods of volcanic activity. In the north-central
part of Yemen, volcanic activity ended in the Upper Oligocene (26 Ma) and was rep-
resented by a thick sequence of differentiated basaltic rocks, rhyolites, and peral-
kaline ignimbrites, while it continued in the southern parts of the country at least
until the Lower Miocene (19 Ma) producing a wide range of volcanic assemblages
(Capaldi er al. 1987a). The youngest volcanic rocks range between 10 and 5 Ma
(Capaldi et al. 1987b, ¢; Huchon et al. 1990).

Earlier studies on the Tertiary Yemen volcanics concluded there was absence of
any mineralization (e.g. Grolier and Overstreet 1978; Overstreet et al. 1985), and
also the absence of rocks that are more basic than basalts (e.g. Heyckendorf and Jung
1989). The presence of disseminated native copper in the lower sections of the Utma
rocks. which has been observed for the first time by the first author, and the peculiar
appearance of these rocks attracted studies in order to determine the nature and pet-
rogenesis of these rocks and to study the distribution and behavior of the copper
mincralization and other elements during alteration and low-grade metamorphism.

The area under investigation is located about 45 km west of Dhamar city (Fig. 1).
It is entirely underlain by the Tertiary volcanic rocks which are cut by several dyKes
and crossed by wadies and major faults striking NW-SE. The volcanic rocks comprise
a wide range of rock compositions, from basic rocks in the lower sections of the lava
pile where they are locally subjected to low-grade metamorphism, to trachy-ande-
site, trachyte, and rhyolite at higher horizons.

Metamorphic Petrography of the Utma Lavas

Examination of several thin sections reveals that alteration and low-grade
metamorphism have destroyed some of the original mineralogy of the rocks. How-
ever, alteration does not produce penetrative deformation, so that original textures
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are abundant and visible. The use of such textures and the relics of primary minerals,
allow the determination of the original mineralogy in most thin sections. Extensive
readjustment took place primarily in amygdaloidal zones, breceias, or along frac-
tures. Porphyritic, cluster, and intergranular textures are dominant; spinifex tex-
tures have been preserved in some samples, in which large crystals of clinopyroxenc
lie in a matrix of smaller prismatic clinopyroxene crystals and devitrified glass {Fig.
2). Generally, these textures are believed to be related to the cooling history of the
lavas, where as in this case they are suggestive of rapid cooling (sce for example Au-
gustithis 1978).

FiG. 2. Photomicrograph showing clinopyroxenc crystals in a matrix of clinopyroxenc and devetrified
glass, sample # 13, (x4).

Pseudomorphs of relict, skeletal and rarely zoned clinopyroxene (34% . titanoaug-
ite and diopside) and skeletal, equant phenocrysts of olivine (10%) are the most
common minerals (Fig. 3). They have been altered to chlorite (12%), iron oxides
(8%), and such accessories as epidote, serpentine, actinolite-tremolite (10%) and
calcite (4%). Basaltic hornblende after clinopyroxene is present in some thin sec-
tions interstitial. Orthopyroxene (commonly hypersthene) and biotite are also pre-
sent (samples no. 10 and 14A) and were recognized by their schiller structure and
parallel extinction, respectively. Hypersthene 1s surrounded by a reaction rim of au-
gite and is commonly altered to chlorite. Inclusions of prismatic apatite and sphene
are present as alteration products. Sphene, along with iron-oxides (magnetite), is
concentrated along the pyroxene and olivine phenocryst edges (possibly as a resut of
serpentinization), where the former is characterized by its rhomb shape. Zircon is
present as small grains within the pyroxene crystais (Fig. 4).
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FiG. 3. Photomicrograph showing pseudomorphs of relict and skeletal clinopyroxene and oliv

ne crys-
tals, sample # 19, (x4).

FiG. 4. Small crystals of sphene, zircon, and apatite, concentrated along the edges of the phenocryst,
sample # 2, (x40).



54 5. Al-Khirbask & T I, Al-1#ibshi

Amygdales, on the other hand represent an important part of the rock composi-
tion, as they acted as channelways for the metamorphic fluids. They are commonly
rimmed with chlorite and iron oxides, and cored with quartz, fan-shaped chalcedony,
calcite, clinozoisite, prehnite(?)-pumpellyite, native copper, and other opaque min-
erals (Fig. 5). The prehnite-pumpellyite occur in the typical form as radiating masscs
of faintly greenish color.

F1G. 5. Photomicrograph showing chlorite (ch), pumpellyite (pu), and iron-oxide (fe) as the main altera-
tion of low-grade metamorphism, sample # 19, (x4).

The groundmass represents about 54% of the rock and is composed mostly of al-
tered low calcium pyroxenes (pigeonite or subcalcic augite), opaque minerals, clay
minerals (after plagioclase), and dark-brown glass that devitrified into chloritoid
minerals {pumpellyite). Unaltered plagioclase crystals are present: however, in
some thin sections it was so difficult to distinguish between plagioclase and pyroxene
crystals mainly due to their intense alteration.

Epidote, calcite, serpentine {antigorite), and talc ar¢ present in variable amounts.
Epidote might be formed by late stage (deuteric) chemical readjustment of mafic
minerals. Iron oxides are mainly in the form of magnetite and hcmatite phases.
Euhedral and subhedral crystals of magnetite are embedded in the glassy
groundmass as a symplectic intergrowth suggesting a simultaneous magnetite-
groundmass crystallization. Exsolution lamellae of ulvospinel in magnetite were ob-
served in some thin sections (Fig. 6). Hematite is found as partially replacing magne-
tite grains, coating fractures, and grain boundarics in some places associated with na-
tive copper.



Petrofogy and Copper Geochemisiry. .. 35

Fi. 6. Exsolution of ulvospinel from magnetite, sample # 12, (X350).
Corona and cluster structures, and phenocrysts with magmatic corroded edges
have been observed in some thin sections (Fig. 7) and they have developed as a result

Fii. 7. Photomicrograph showing corena and cluster structures and corroded crystal edges. sumple #
14A. (% 10).
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of late magmatic interaction of phenocrysts with the basaltic melt (Augustithis 1978).

X-ray diffraction analyses of seven samples were carried out at the USGS-Jeddah
laboratory. The results indicate the presence of augite, diopside, magnetite, talc, ser-
pentine (lizardite), hematite, trace amounts of clinochlore and zeolites (natalite) and
other low temperature alteration products of silicate minerals.

The presence of calcite-filled veins, tremolite-actinolite minerals (associated with
some of the pyroxenes) and amphibole pseudomorphs after clinopyroxene indicate
low-temperature hydrothermal activity, possibly post-dating the volcanie eruption.
Broken phenocrysts, bent plagioclase twins, and cracks filled with calcite and
groundmass material are evidence that crystal fracturing and brittle deformation
were caused by gas explosion during volcanism, sudden temperaturc changes, and
possibly magmatie collision of the phenocryst during lava motion.

Geochemistry of Lower Sequence of Utma Rocks

Analytical Techniques

Major and selected minor elements were pertormed on 35 representative samples
(Table 1). Twenty-nine samples, referred to in the text as Group | were collected
from the lower part of the Utma Tertiary volcanic sequence. Four samples (num-
bered Al, B, B2, D and referred to as Group 2) are unaltered and werc collected
from few meters above the first group. Two samples (designated AH and BM) from
the basal basalts of the Tertiary volcanics from diftcrent areas arc included for com-
parison. The samples were analyzed by the authors using the Rb-target Rigako XRF
unit at the Central Research Laboratory, Faculty of Science, Saha’a University, Five
grams of crushed sample (100-200 pm) were mixed with one gram of boric acid pow-
der and pressed to pellets. Eight U.S.G. Survey rock standards (BHVO-1, MAG-1,
QLO-1, RGM-1,8CO-1,8DC-1,SGR-1,and STM-1) were used as standards (Glad-
ney and Goode 1981). Precision of the analyses was determined from standard curve
deviations, as follows: SiO, = 3.7%; ALLO,, Fe,0;, FeO = 0.5%; TiO, * 0.26%;
MgO, CaO =1.8%; MnO, Na,O, K,0, P,0,+0.03%; H,0x34%: Cu,
Zn = 20ppm; Ni, Sr = 64ppm; Nb, Zr, Co = 5ppm; Cr = 224ppm. Water content
(HZO+ and H,0 ) were determined following the precedure described by Johnson
and Maxwell (1981). Wet chemistry was applied for the determination of FeO as de-
scribed by Hutchison (1974). The values werc adjusted using Fe,0, / FeO ratio of
0.44 (sample AH).

Obtained geochemical data were processed to give the various petrological
parameters, normalized oxide values, normative minerais, and petrologic diagrams
using the IGPET computer program (Carr 1985); and the statistical parameters were
processed using the NCSS computer program {Hintze 1986).

Chemical Characteristics of Utma Rocks

The original mineralogy and chemistry of the studied Utma rocks has been compli-
cated by subsequent alteration and low-grade metamorphism. In thin section the
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presence of secondary minerals such as pumpeltyite, chlorite, iron oxides, tremolite-
actinolite, epidote, calcite, sphene, clinozoisite and clay minerals suggests that the
original phenocrysts (olivine, clinopyroxene), and plagioclase have been altered dur-
ing hydrothermal and low-grade metamorphism.

The analyzed samples of the lower section (Group 1) and those of Group 2 are
characterized by low average contents of Si0, (41.09%), ALO, (4.66%), Na,O
(0.11%), K,0(0.06%) and high average contents of MgO (25.64%), CaO (11.47%),
Fe,0,(6.65%), whereas their FM value is 0.32-0.37. The high CaO content is appa-
rently due to serpentinization of olivine and uncommonly the presence of secondary
calcite-filled veins. The high Fe, Oy is attributed to the oxidation of the opaque min-
erals. The rocks are characterized by rather high contents of compatible elements
(such as Niand Cr), and incompatible elements such as (Ti, Zr, and P), and low con-
tents of Y and Rb as compared with most basaltic rocks (Prinz 1967).

Variation diagrams of major and minor elements plotted against the MgO content
are shown in Fig. 8. Deviations from several trends are exhibited by some of the sam-
ples and are mainly due to the effect of the above mentioned processes. Chemically.
samples of Group 2 differ from those of Group 1 by their slight increase of SiO, (av.
43.90%) and alkalies (av. Na,0 =0.41%, K,0=0.19%), but cannot be distin-
guished from those of Group 1 in MgO-oxides plots. The correlation data of Group 1
samples presented in Table 2 support the current mineralogy of the rocks, except for
highly oxidized ones.

Minor Element Geochemistry

The behavior and trends of trace elements within the studied rocks can be de-
monstrated by plotting the ratio of magmatic incompatible high field-strength ele-
ments (i.e. Ti, P, Nb, and Zr) and the compatible elements (Ni, Cr, Zn, Sr) against
incompatible ones that act as an index of igneous differentiation, for example Zr
(Pearce and Cann 1973; Erlank and Kable 1976; Hanson 1978; Pearce and Norry
1979 and McClean and Kranidiotis 1987). Several plots of oxides (not shown) and
trace elements were used in this study; those plotted against Zr are shown in Fig. 9. 1t
can be seen from the plots that most major oxides and some of the minor elements
(Sr, Cu) are the most mobile components during low-grade mctamorphism, while
AlLO,, Ti, Nb, Ni, Cr and Co are less mobile.

The high positive correlation coefficient for some incompatible elements pairs (for
example, Zr-TiO,, ALO;-Zr, Al,O;-TiO,, Zr-Nb, and Nb-Ti0,) reflcct either a
large addition of these elements to the system or their in situ residual concentration
(McClean and Kranidiotis 1987). Clinopyroxene (now pumpellyite, chlorite, epi-
dote, and sphene) can hold appreciable amounts of titanium, particularly in slow
cooling lava. Arndt et al. (1977) found that Ti enters the pyroxene structure in large
amounts at high crystal growth and low diffusion rates. The Ti/Zr-Zr plot and the
high association of TiO, content with relatively low FM value (Fig. 10) might indicate
a post-eruptive redistribution of Ti, rather than direct magmatic control, Phosphor-
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ous can be incorporated in the augite lattice. Its good correlation with the other in-
compatible elements and absence with K,O might suggest a late stage precipitation
of apatite. This is supported by the presence of small, prismatic apatite inclusion
amongst the clinopyroxene crystals. Nickel content, on the other hand, for all sam-
ples of Group 1 and Group 2 is relatively similar, except for one sample (# 9) which
shows a low valtuc of 122 ppm. The Ni content is high (av = 460 ppm) compared to
basaltic rocks but rather low compared to peridotite komatiitic liquid (av = 1200
ppm). Normaily, Ni and TiO, contents of mafic lavas are both strongly affected by
shallow-level magmatic differentiation (Wood 1978). In general, Ni is depleted and
TiO, is enriched by the removal of mafic silicate, a process which also increases the
FM ratio of the residual magma. Scatter but decrease of Ni with Zr reflects the effect
of later low-grade metamorphism, when Ni was redistributed and reconcentrated in
the amygdaloidal parts of the rocks. The Crtrend, in the MgO-Cr (Fig. 8) and the Cr-
Zr (Fig. 9) plots suggest a magmatic differentiation of the Cr, where it has been ex-
tracted from the melt as olivines and clino-pyroxenes crystallize.

Metamorphic Differention and its Effect on Whole Rock Chemistry

Migration and behavior of major, minor, and trace chemical components during
metamorphism of various rock types and ages have been described by Vallance
(1965); Smith (1967); Jolly and Smith (1972); Condie (1976); Viljoen and Kable
(1977); Jolly (1980); Smith er afl. (1982); Fischer and Schmincke (1984) and Wood



70 S. Al-Khirbash & T.H. Al-Hibshi

and Graham (1986). The mineralogical assemblage of the studied rocks shows that
deuteric alteration was overlapped and accompanied by late crystallization of
pyroxene and operated under both low temperature and increasing H,O partial pres-
sure as the flows cooled. The degree of alteration is a function of the availability of
water, permeability, and primary volcanic glass. Water was derived diagenetically
from the serpentinization of olivine phenocrysts and chloritization of primary glass.
With further cooling pyroxenes were altered into chlorite, pumpellyite, and sphene,
with an intermediate amphibole {tremolite-actinolite) stage. Unwanted Ca " ions
went to form epidote which is embedded in the chlorite or filling amygdales. Hydra-
tion of glass and olivine led to the formation of chlorite, serpentine (antigorite), talc,
and iron oxides. Calcium-rich plagioclase was altered to chlorite which leaches Al,
while Si and Ca reacted to form amygdaloidal prehnite. Pumpellyitization of
pyroxene and possibly plagioclase can cause relcase of Si to form amygdaloidal
quartz. Iron (Fe***), partly went into magnetite, which was oxidized to hematite
and might have partly been incorporated into pumpellyite (Surdam 1968). Hematite,
is stable at high oxygen fugacity, so it must have developed as a result of near surface,
exogenous oxidation (Lincoln 1981) or as a result of endogenous, syngenetic oxida-
tion due to contamination of the parental magma with oxygen prior to eruption {Sur-
dam 1968). Petrographical evidence suggests that hematite was formed as a resulit of
deuteric alteration of cooling flows, following lava extrusion. The absence of hema-
tite, but presence of some magnetite in pumpellyite, suggests that hematite was con-
verted first, followed by magnetite during pumpellyite producing reactions. This
reaction is an important factor in copper distribution and precipitation, as will be
seen later. Further, and with the progress of alteration, particularly clinopyroxenes
(augite and possibly titanoaugite) and adjacent iron-oxides sphene and hematite,
along with finely disseminated native copper, formed within the host silicate miner-
als, where the latter appears to have been exsolved as the iron oxidized.

The movement of the major components and the main alteration products that
were formed during deuterie alteration and low-grade metamorphism are sum-
marized in Fig. 11.

Discussion

The composition of the lower (Groups 1 and 2) sequence of mafic voleanic rocks at
Utma is peculiar and closely resembles that of the basaltic, low Al-komatiites of the
Barberton Mountain Land (Viljoen and Viljoen 1969, 1971); Brooks and Hart's
(1974) adopted class of high magnesian and calcium, and low aikalies and alumina
contents; Naldrett and Gabri's (1976) class of effusive rocks; and the komatiitic flows
described by Arndt (1986). The petrographical and chemical evidence from the pre-
sent study suggests that this sequence represents non-cumulate pyroxene rocks
{komatiitic in nature) of effusive origin, that were emplaced at shallow depths and
crystallized under low fO, conditions. These rocks differ from the above mentioned
true komatiites in their high FeO/(FeO+Mg0O), CaO/AlLO,, and TiO,, and low
ALQ; contents. The high TiO, content of these rocks is similar to that of the Ar-
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Fici. 11. Sketch diagram showing possibic element mobilization and formation of secondary products
during alteration and low-grade metamorphism. Pump = pumpellyite, epd = epidote, cal = cal-
cite. preh = prehnite, chl = chlorite. gla = glass, ol = olivine, mag = magnetite, serp = serpen-
tine. ilm = ilmenite, sph = sphenc. .

chaean tholeiites described by Williams (1972). The ALO/TiO, ratio of the Utma

rocks is lower than that of the Barberton rocks, which implies either retention of

AL O, in the residuc or loss of Al,O, before melt extraction (Smith and Erlank 1982).

CIPW norms (Table 1) show that nearly all samples of Groups 1 and 2 contain sig-
nificant amounts of normative olivine, diopside, and anorthite. Twelve samples of
these (including the four samples of Group 2) contain normative hypersthene. Minor
constituents arc normative magnetite, ilmenite, and apatite. The apparent norm val-
ues have been modified by low-grade mctamorphism. For instance, the high Fe,O./
FeO ratio of the oxidized rocks leads to large quantities of magnetite in the norms,
which enhances the formation of hypersthene. Further, the high TiO, content causes
the appearance of ilmenite in the norm calculations. It can be concluded from the
norm analyses that the rocks of Group 1 and Group 2 are undersaturated olivine
tholeiites of Mg-rich lava and undersaturated hypersthene Mg-rich lava, respec-
tively.

The absence of direct magmatic precipitation of orthopyroxene, the scattered but
decreasing content of Ni and Cr with increasing Zr (Hart and Davis 1978), and the
enrichment of TiO, with increasing Zr (Irvine and Baragar 1971) all suggest a tholeii-
tic magma of olivine, clinopyroxene, and plagioclase fractionation (Jolly 1975).
Equant olivine crystals are thought to have formed under a slow rate of cooling or to
represent mantle xenoliths of primary magma (Arndt et al. 1977).

Inspite of the low-grade metamorphism that affected the studied rocks, an attempt
will be made to look at the petrogenesis and possible type of these rocks (tholeiitic vs.
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komatiitic lavas), in the light of a number of geochemical criteria that have been used
to discriminate the two types (Nesbitt and Purvis 1979; Distler and Genkin 1980;
Rajamani et al. 1985). The analyzed samples can be compared with representative
samples of komatiitic rocks from the Barberton Mountain Land, S. Africa (Viljoen
and Viljoen 1971); komatiitic flows from Munro Township, Canada (Arndt et al.
1977); metavolcanites from Noril’sh and Pechenga provinces, USSR (Distler and
Genkin 1980); Kolar amphibolites, South India (Rajamani ef af. 1985); and with the
komatiite average composition (Viljoen and viljoen 1969) (see Table 1 and Fig. 12).

MgO

v "
— Komatijjte
' Thalelite
: rend

~e

ca0 ALO,

Fig. 12. CaO-MgO-Al O, ternary diagram. Symbols as follows: (o) = Utma Group | & Group 2 rocks;
(+) = Komatiites, Munro Township, Canada (Arndt er al. 1977): (V) = Picritic metavoleanics
{komatiites}) and picritic basalts, Noril'sh and Pechenga provinees, USSR (Distler and Genkin
1980}; (®.e)} = Kolar komatiites and Kolar tholciites, S. India (Rajamani er al. 1985): (x) = Av-
erage composition of komatiites (Viljoen and Viljoen 1969); (®) = Basalt of Tertiary Yemen
Volcanics (this study). BPK (Barberton komatiitic rocks) and Komatiite-tholeiite trend ficld are
taken from Rajamani et al. 1985, :

The plots show that the analyzed rocks cluster within the Barberton Mountain Land

field. The slight deviation of the trend towards the CaO-MgO side is due to the sub-

sequent low-grade metamorphism (serpentinization of olivine and chloritization of
pyroxenes). Furthermore, the plot of FM vs. Al,O, (Fig. 13) shows that the studied
rocks, along with the low Al,O, komatiitic rocks of the Barberton Mountain Land

(Viljoen and Viljoen 1969) lie in the field of tholeiites. Two samples fall in the cumu-

late komatiite field and one sample falls in the komatiitic flow portion of the plot

(possibly due to alteration). In conclusion, we can say that samples of Group 1 and

Group 2 represent a noncumulate pyroxenite rocks of cxtrusive origin that were

emplaced and contaminated at shallow levels.
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Fici. 13, Plotof A1,O; vs FM. Symbols as follows: { ® ) = Utma Group 1 & Group 2 rocks: ( 0 ) = Barber-
ton komatiitic rocks. S. Africa; (3) = Picritic metavolcanics (komatiites) and picritic, Noril'sh
and Pechenga provinces, USSR (A) == Kolar komatiites, S. India. Ficlds A, B, and C represent
komatiitic flows, cumulate rocks, and tholeiitic basalts. respectively, Munro Township, Canada.
[All data are tuken from references listed in caption to Fig. 12].

In general, the structural environment of the Tertiary Yemen volcanics in the cent-
ral highlands favors the presence of a shallow level magma chamber as concluded by
Chiesa et al. (1983) in the Dhamar area.

The origin of these effusive rocks and whether they are genetically related to the
overlying tholciitic rock series or represent a different magma series, needs a further
investigation.

Copper Mineralization

The nature and origin of native copper in rocks of stmilar composition has been
discussed by many authors (for example, White 1968, 1971; Jolly 1974; Lincoln 1981 ;
Eilenberg and Carr 1981). Copper analyses of samples from the lower parts of the
Utma sequence are given in Table 1. The copper content varies from 29 to 104 ppm
(sample # 2). This is comparable to estimates of copper contents in various similar
rocks which are 28 to 103 ppm (Zlobin et al. 1973). Study of polished sections shows
that native copper, with other secondary minerals, is distributed as fine grains (loc-
ally < 0.1 mm in diameter) in the amygdales and within the silicate minerals, and as
veinlets associated with hematite in pseudomorphs after clinopyroxenes and possibly
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olivine. Withincreasing of alteration, such as is found along fractures, native copper
is present as flakes large enough to be visible in hand specimens and sufficient to be
economically important (Fig. 14).

F1G. 14, Two photographs of polished section showing disseminated and veinlets of native copper (cu) in
the amygdaloidal portion of the rock, sample # 14, (< 100).

Careful examination of some polished sections indicates that the pattern of native
copper distribution is affiliated to the pattern of oxidation of the iron-bearing miner-
als. Advanced oxidation of augite (titanaugite), olivine, and primary iron oxides
leads to the formation of symplectic hematite with magnetitc texture and a hematite
diffusion rim, which increases towards the grain boundary. This phenomenon has
been observed in the native copper of the Keweenawan district (Livnat 1983). Re-
lease of copper from the margins of the silicate minerals seems to be synchronous
with its metamorphic alteration, or more closely with pumpellyitization processes, in
which the copper is lost from the host silicate minerals and reprecipitated epigeneti-
cally in fractures and amygdales.

Source and Origin of Copper

Clinopyroxene (augite) and iron oxides are the minerals that most:strongly affect
the behavior of copper in mafic magma differentiation (Livnat 1983). In this study,
two samples that contain many phenocrysts and lack amygdales were crushed and
separated by bromoform liquid. Copper analysis of the separated silicate and iron
fractions revealed that the former contains higher copper concentration (60 ppm)
compared to the later (30 ppm). In part, this is due to the unlikely substitution of
Cu""inthe spinel structure of the magnetite (Burns and Fyfe 1967). [t is evident that
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the silicate minerals, especially augite, are the main source of syngenetic copper,
which have beenreworked by later metamorphic processes and redeposited in amyg-
dales and fracture zones. So the deposition of copper within the Utma lower rock
sequence is probably a combination of both syngenetic and epigenetic processes.

The importance of the chemistry of the metamorphic solutions on the distribution
and precipitation of native copper was discussed by Lincoln (1981) and Livnat
(1983). Generally, pumpellyitization of primary mineral phases can cause either con-
sumption of H' ions (i.e. raise the pH), or lower the fO, of the metamorphic fluids.
Both conditions favour the precipitation of native copper. Furthermore, the absence
of hematite and presence of magnetite within the pumpellyite phase suggests that low
fO, metamorphic fluids entered the mineral assemblage in the rock causing the pre-
cipitation of native copper.

The absence of copper sulphides in the study area might be due to the continuous
degassing of volatiles (SO,) during and after lava eruption in an oxidizing environ-
ment, which produces S-deficient lava flows.

Relative shallow depth of burial, the abundance of joints, fractures, and the pre-
sence of relic phenocrysts support the possibility that the metamorphic tluid pressure
was less than the total pressure during metamorphism.

Conclusion

Petrographic study of representative samples from the lower part of the Tertiary
Utma volcanics shows that they represent non-cumulate pyroxenite rocks that were
emplaced at shallow depths. The rocks are composed of phenocrysts of relict,
skeletal, and rarely zoned clinopyroxene and skeletal olivine embedded in fine-
grained clinopyroxene, ca-plagioclase, magnetite, glass, and other low-temperature
Al-silicate minerals. Porphyritic, intergranular, and cluster textures are predomin-
ant. Geochemical analyses and norm calculations show that the rocks are under-satu-
rated tholeiitic Mg-rich lavas. Geochemical comparison of the analyzed samples with
others from various parts of the world show that the Utma lower sequence lies within
the low Al,O, komatiitic field of the Barberton Mountain Land and is characterized
by high TiO, and F/(F+M) values and possibly is not komatiite.

Ore microscopy reveals the presence of very fine-grained disseminated, veinlets,
and amygdales-filled with native copper. This study shows that the silicate minerals
are the source of syngenetic copper; copper was leached and reconcentrated epigen-
tically in amygdales and fractures, along with hematite. Pumpellyitization of primary
minerals produced metamorphic fluids with favorable geochemical conditions for
the precipitation of native copper.
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