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Abstract. 'Three successive episodes of plutonism occurred in the Safra-Musharikah area during the Pro-
terozoic: first, the emplacement of the Kilab Monzogranite, which is a large granite batholith composed
mainly of plagioclase (30-35%), K-feldspar (30-35%), and quartz (20-30%), with miner amounts of
hornblende and biotite; second, the intrusion of the Laban Complex, which is a large mafic batholith and
the emplacement of the Rack complex which is a granitic suite. The latest stage of plutonism in the area
is the Shurmab ring dike which consists of alkali feldspar granite, composed mainly of potash feldspar (43-
68%), quartz (25-50%), plagioclase (4-15%) and a minor amount of biotite. Basaltic flows and gabbroic
intrusions of Cenozoic age are also common.

Zircon is abundant in the alkali feldspar granite associated with epidote, alanite, and opaque oxides.
The interaction between the granitic rocks and basaltic magma resulted in assimilation and formation of
hybrid rocks. The hybrid rocks exhibit an increase in mafic minerals (from about 3 to 26% ) and in plagioc-
lase content (from 6 to 50%) and caused a decrease in K-feldspar content (from 60 to 6%) and in quartz
content (from 21 to 18%). This suggests a decrease in silica and potash content and increase in calcium,
iron and magnesium content.

Introduction

An area covering about 660 square kilometers was chosen for detailed petrographic
and mineralogical study that will be later followed by detailed geochemical analysis
in order to delineate the chemical evolution of the different rock types present in the
area (Fig. 1). This study area is in the As Safra - Musharikah region about 90 Km to
the southeast of Hail city. The area is at the extreme northeast corner of the Saudi
Arabian Shield between latitudes 26° 42’ N and 26° 59’ N, and longitudes 42° 08" E
and 42° 20’ E, immediately to the southeastern end of the well known Jabal Salma.
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Fig.1. Geologic map showing location and types of igneous rocks in the study area, scale is 1:200,000.

{Modified from the 1: 250,000 scale geologic map of the Jabal Habashi quadrangle by Williams et
al., 1986).
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The As Safra area (Fig. 2) occupies the northwestern corner of the Jabal Habashi
quadrangle. A 1: 250,000 - scale geologic map of the quadrangle [1] was used as
geological base map for this study. The importance of the area under investigation
lies in the occurrence of at least three, more or less, successive episodes of plutonic
activity during the Proterozoic followed by extrusion of Cenozoic basaltic magma.
Throughout these episodes, a large variety of intrusive rocks was formed including
quartz monzonites, alkali granites and gabbros [2-4; 5, p.5; 6, p.82 and 7, p.51]. Con-
sequently, alarge number of Proterozoic felsic and mafic dykes also occurin the area
as well as Tertiary and Quaternary volcanic centers. Volcanic craters and vents and
related cinder cones and flow rocks form several sparsely distributed volcanic ficlds
or “Harrat”. Basaltic extrusions are believed to be controlled by north-south trend-
ing fractures associated with rifting of the Arabian - Nubian Shield and the opening
of the Red Sea during the Cenozoic [5, p.5 and 6, p.82). The later Quaternary vol-
canic activity and extrusion of basaltic flows may be accompanied by melting and
assimilation of the pre-existing felsic country rocks in several locations within the
study area. Cu - Ni or platinum group element (PGE) mineralization may occur in
some of the gabbroic rocks, inasmuch as contamination of the magma by assimilation
of crustal rocks is so prominent [8-10].

Approximately 70 samples were collected during two field trips to the study
area. Many of these samples were taken from a north - south traverse along Jabal Al-
Musharikah, while the remaining samples were selected from several outcrops to
represent the various rock types present within the area. Sample locations are shown
on the map (Fig. 3) which covers approximately an area of 36 square kilometers. The
samples from Jabal Al-Musharikah represent the basaltic flows, volcanic products,
and felsic intrusives. Several zones that may represent assimilation or xenolithic rmix-
ture of basaltic and felsic rocks were also sampled. Thin sections of most of these
samples were prepared for study. The aim of this paper is to study the characteristics
and the potential for mineralization related to the Proterozoic granitic rocks belong-
ing to the younger episode of plutonism and their interaction with the Tertiary basal-
tic magmas. Study of the intrusive and extrusive mafic rocks and of the chemical
evolution of the area will be the subject of a subsequent paper,

Petrography

The area under investigation contains a wide variety of igneous rocks of differing
ages. Felsic plutonic rocks, mainty of granitic affiliation, are the most abundant types
of igneous rocks in the area. Mafic volcanic extrusive rocks of basaltic composition
are also abundant. Furthermore, mafic plutons of gabbroic - dioritic composition are
also common. A variety of minor intrusions and mafic and felsic dikes populate the
area. These include rhyolitic, granitic, dacitic, andesitic, and basaltic dikes; also,
microgranitic plugs, and quartz, calcite, and barite veins are present.
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Fig.2. Index Map showing the location of Jabal Habashi quadrangle (Hatched area), Kingdom of Saudi
Arabia.

For the most part the felsic rocks intrude the mafic rocks with little effect except
local baking, perhaps some low - grade metamorphism, and addition of hydrothermal
solutions. However, the younger basaltic magmas have markedly affected both felsic
and mafic plutonic rocks. Conspicuous in Jabal Al-Musharikah is the interaction
between basalts and granites. Evidence of baking, alteration, assimilation of granitic
material by basaltic magma, and formation of hybrid rocks is clearly present. The
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Map showing sample location. The vertical sclae is different from the horizontal scale, approxi-
mate scale is 1:38,000, the area covered by the map is about 36 square kilometers. Ages of the units
are as follows: mafic plutonic rocks are Late Proterozoic = 650 + 7 my [3}; monzogranitic rocks
are Late Proterozoic = 651 * 8 my [3]; alkali granitic rocks are Late Proterozoic = $79 10 565 my
[7]; basalts, cinder cones, and basaltic tuff are Tertiary - Quaternary = 1.8 = 0.05 [2].
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assimilation of granite by basaltic magma resulted in a hybrid granitic rock. This hyb-
rid is dark-gray in color, and contains more mafic minerals than the adjacent alkali
granite. The basaltic rocks at the hybrid - basalt contact also contain rock fragments
belonging to the alkali feldspar granite. Details of the effects of interaction between
the basaltic magma and granite will be discussed in later seection.

A. Granite mineralogy and textural relation

Two types of Proterozoic granites are present. The first is a light reddish - brown
to pinkish - gray, granular, medium - to coarse-grained rocks. It contains mainly cal-
cic plagioclase, Potash feldspar, and quartz, with minor amounts of amphibole and
biotite (Table 1). The main accessory minerals in these granitic rocks are iron -
titanium oxides, chlorite, muscovite, and epidote. These plutons belong to the Kilab
monzogranitic batholith which intrudes rocks of the Laban Complex [4].

Plagioclase is the most abundant mineral in the granite and amounts to between
30 and 35 percent of the total volume of the rock. Plagioclase crystal are often large
(about 1.0 mm diameter), elongated, twinned, zoned, and have euhedral to subhed-
ral habit. The grains are generally altered to clay minerals and sericite giving the min-

eral surface a yellowish coat of tiny spots and grains. The plagioclase composition
ranges between albite and andesine.

The potash feldspar amounts to between 30 to 35 percent of the total volume of
the rock. The K-feldspar exhibit somewhat long, tabular, and euhedral to subhedral
crystal habit. It is only slightly altered to sericite, however, the widespread alteration
of K-feldspar to an unidentified clay, stained probably by iron oxide, gives the surface
of the grain a reddish brown color which masks the original color and the optical
properties of the mineral. Perthitic texture is common. K-feldspar crystals are often
found enclosing grains of plagioclase. Microcline and/or orthoclase is the dominant
K-feldspar mineral.

Quartz is the third most abundant mineral in the first type of granitic rocks. Its
abundance ranges between 20 and 30 percent of the total volume of the rock. Quartz
grains are essentially of medium size (0.3-0.5 mm in diameter), anhedral to subhed-
ral, and generally are transparent, but sometimes the grains contain tiny inclusions of
unidentified material (probably K-feldspar) giving the crystal a graphic habit. Ver-
miform quartz is often intergrown with sodium plagioclase to form a myrmikitic tex-
tural relation.

Hornblende is present in variable amounts ranging between 3 and 10 percent of
the total volume of the rock. This amphibole is green to brownish-green and strongly
pleochroic. It is formed of medium - sized anhedral grains, often interstitial to other
major minerals and sometimes altered to chlorite, epidote, and iron oxides.
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Tablel. Modal analysis of felsic intrusives and related rocks from the safra area

Sample Number Amph. Bio. Plagio. k-spar Qz Rock Name
M1 - 4 6 58 32 Alkali  granite
M2 - 5 5 55 35 " "
M3 3 1 4 59 33 ” "
M4 - 4 4 65 27 " "
M35 - 3 7 60 30 " "
M6 - 2 5 53 40 " "
M7 - 1 5 68 26 " "
M3 - - 4 61 35 ” "
M9 17 10 50 5 18 Granite
M10 18 7 30 25 20 "

M11 24 1 20 as 20 "
MI12 22 3 25 32 18 "
M13 25 5 55 10 5 "
M14 15 12 48 5 20 "
M15 14 9 50 10 17 v
Mil6 22 - 5 55 18 "
M17 20 4 4 52 20 "

-M18 25 2 53 5 15 "
Mi9 35 - 52 8 5 "
M20 40 - 45 10 5 "
M21 18 2 14 46 20 "
M22 20 - 5 55 20 Granite
M23 20 5 10 43 22 y
M24 10 5 30 35 20 Monzogranite
M25 8 2 33 34 23 "
M26 3 3 33 31 30 "
M27 12 - 15 43 30 Granite
M28 - 10 51 35 Alkali  granite
M29 2 8 56 32 " "
M30 5 - 10 55 30 " "
M3l - 2 7 61 30 " "
M32 - 8 15 45 32 " "
M33 - 5 5 55 35 " "
M34 - 1 7 67 25 " "
M35 - 4 6 60 30 " "
M36 8 3 30 34 25 Monzogranite
M37 6 4 30 35 25 "
M38 - 5 15 45 35 Granite
M39 - 5 10 50 35 Alkali  granite
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Table 1. (Cont.)

Sample Number Amph. Bio. Plagio. k-spar Qz Rock Name
M40 - 6 12 52 .30 " "
M41 - - 4 66 30 " "
M42 - 1 8 65 26 " "
543 - 2 7 64 27 Alkali  granite
544 - 4 6 62 28 " "
$45 - - 5 55 40 " "
S46 6 - 5 55 34 " "
547 - - 5 60 35 ” "
S48 - 3 7 60 30 " "
549 2 2 8 58 30 v "
S50 5 6 32 33 24 Monzogranite
S51 7 3 30 32 28 "

852 - 3 5 60 32 Alkali  granite
D53 4 1 30 40 25 Rhyodacite

- D54 45 - 51 2 2 Andesite
D5S 40 - 53 5 2 Andesite
D56 - - 10 50 40 Rhyolite
D57 - 2 8 40 50 Rhyolite
D58 45 - 51 1 3 Andesite
D59 - 10 10 50 30 Rhyolite
D60 8 5 7 40 40 "

D61 10 35 30 20 Rhyodacite
D62 5 10 55 15 15 Dacite
D63 - 5 50 5 40 "

. D64 20 5 65 - 10 Quartz andesite
D65 2 8 10 55 52 Alkali rhyolite
D66 - - - - 5 Calcite vein.
D67 - - - - 5 " "

Note:

Amph = amphibole, Bio = biotite, Plagio = plagioclase, K-spar = K-feldspar, Qz = quartz.
Samples M24 - M26, M36, M37, S50 and S51 are from the kilab monzogranite.

Samples M1-M8, M28§ - M35, M38-M40, $41-549, §52 are from the Shurmah alkali feldspar gra-
nite.

Samples D53, D56, D57, DS9, D60, D61 and D65 are felsic dikes.

Samples D54, D55, D58, D62, D63, D64 are from mafic dikes.

Samples M9 - M23 are from mixed granite.
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Biotite forms 2 to 6 percent of the granitic rock. This biotite is in the form of pale-
brown, pleochroic, elongated, and subhedral crystals. Biotite grains are commonly
interstitial to other minerals and are often embayed by hornblende and appear to be
replaced by the latter mineral.

. Toclassify the granitic rocks, the QAP ternary diagram of [11] for plutonic rocks
is used [12, p. 732]. The modal compositions of this type of granite (Samples M 24-26,
M 36, M 37, S 50 and S 51) on the triangular diagram (Fig. 4) show that the rock gen-
erally plots in the lower right cornor of the granitic field and may be named

hornblende-biotite monzogranite (shown on figure 4 as open circles with central
dots).

Quartz -rich
granilolds

Quariz Syenite /| Quartzmonzonitel Quartz® Qz
Monzodiorite \dworit

alkali-teldspar Monzonite Monzodiorite %% doonte

Syemte Syemte Monzogabbro

30 50 70 90 P

Fig.4. QAP ternary diagram showing the classification of the felsic igneous rocks in the study area (o=
monzogranites, ® = alkali feldspar granites, o = dike rocks, and * = mixed granites).

The second type of granite is pinkish gray to deep reddish brown, fine - medium
- to coarse - grained, granular to granophyric, porphyritic rock. This rock belongs to
the Shurmah alkali - feldspar granite that forms a vertical or slightly outward - dipping
ring structure or ring dike distributed in an oval pattern. The ring dike intrudes the
Kilab Monzogranite and the Laban Complex [2; 4]. The rocks can be divided into two
distinct sub-varieties, on the basis of texture or K-feldspar grain size, although the
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two varieties have approximately the same mineralogy. The first variety is light pin-
kish - brown, medium - to coarse - grained, equigranular composed mainly of potash
feldspar, quartz, and calcic - sodic plagioclase with accessory amounts of epidote,
allanite, hornblende, iron oxides, zircon, and calcite (Table 1).

K-feldspar is the most abundant mineral in the rock amounting to about 50 - 68%
of the.total volume of rock. The K-feldspar crystals are large (3 mm in diameter),
elongated, anhedral, and highly altered to sericite and clay minerals.

Quartz forms between 26 and 35% of the rock. Quartz grains are medium sized
(0.5 mm in diameter) and often polycrystalline or, quartz and alkali feldspar inter-
grow together forming a sieve structure or a graphic (granophyric) intergrowth.

Plagioclase crystals are tabular, elongated, twinned, zoned, and often altered to
sericite and clay minerals. Plagioclase forms between 5-10% of the rock and its com-
position is of the albite - oligoclase type. Biotite is also present, forming 1-5% of the
rock.

Calcite is abundant in this granitic rock generally as veins filling the cracks
between K-feldspar and quartz. The rock also contains abundant opaque oxides
often as part of a close association of allanite, epidote, Fe-oxides, and zircon.

On the QAP diagram, the rock plots in the field of granite close to/or within the
alkali feldspar zone and can thus be called alkali feldspar granite. (Fig. 4).

The second variety of granite is inequigranular, porphyritic rock, having a light-
pink to deep pinkish or reddish brown color. It is a K-feldspar - quartz - plagioclase
- phyric granite having generally two distinct sizes of K-feldspar crystals visible in
hand samples. As shown by the photograph (Fig. 5) potassium feldspar (pink)
exhibits large, elongated, more than 1 cm long and more than 0.5 cm wide crystals
and small grains of about 1 mm diameter.

Table 1 indicates that the most abundant mineral in this granite is K-feldspar
which constitutes between 43 and 67% of the total volume of the rock. Large, elon-
gated phenocrysts of K-feldspar are characteristic of this rock. In addition, there are
other small K-feldspar phenocrysts together with abundant fine grains of K-feldspar
in the groundmass. The phenocrysts are euhedral to subhedral and appear to be com-
posed of two kinds of K-feldspar. The first is long, tabular, subhedral, highly altered
to clay mineral so that a reddish brown to copper red coat of iron oxide stains the min-
eral surfaces. Microcline or orthoclase is the likely structural state of the feldspar.
The other population of abundant K-feldspar crystals in this rock (possibly sanidine)
consists of transparent, equidimensional, euhedral, unaltered crystals having no
inclusions (Fig. 6). The only evidence of reheating that can be seen in the granite is
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Fig.5. Photograph showing the two distinct sizes of K-feldspar in alkali granite (photo by the
author, ASA 100).

Fig.6. Photomicrograph showing clear, euhedral, and unhedral crystals of sanidine (White
euhedral crystal in the middle) in granites (PL, < 10).
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baking, reduction in the grain size, and an increase of the mafic content in the granite
as the contact with the basaltic rocks is approached (see the discussion of the felsic -
mafic interaction in a later section). Perthitic intergrowths of potassium feldspar and
alkali plagioclase is conspicuous in this rock. Sometimes sanidine grains are enclosed
in orthoclase, and in other instance the K-feldspar grains are fractured and regularly
arranged in a brick-and-mortar structure indicating a stress release. The characteris-
tic microcline tartan structure is frequently found and zoned K-feldspar crystals are
not uncommon.

Quartz is the second most abundant constituent in the present granite forming
between 25 and 40% of the rock. Quartz is present as phenocrysts and in the
groundmass. The quartz phenocrysts are large (0.5 mm), equidimensional, clear
white, unaltered, and anhedral to subhedral. Sometimes the grains are polycrystal-
line or clustered indicating stress. Vermicular quartz and plagioclase intergrowth
forming graphic texture is present and quartz - alkali feldspar association in a sieve -
like structure is also found.

Plagioclase abundance varies between 4 and 15% of total rock volume. It is fre-
quently present as medium - sized, tabular and subhedral phenocrysts which are twin-
ned, zoned and altered to sericite and clay minerals. In some samples plagioclase may
be found enclosed in K-feldspar.

The groundmass of the granite is fine-grained (less than 0.1 mm in diameter)
composed of variable amounts of different minerals including orthoclase, microcline,
quartz, Ca-Na plagioclase, hornblende, biotite, and calcite. Furthermore, the acces-
sory minerals are also variable in abundance and occurrence including calcite, epi-
dote, allanite, muscovite, opaque oxides, zircon, tourmaline, and apatite. Vein - fil-

ling calcite is present in most of the samples. However, calcite may be found as dis-
crete twinned grains.

Plot of the modal analyses of this type of rock on the ternary diagram shows it to
be located in the lower left side of the granite field and mostly within the alkali granite
field. Therefore, it can be named alkali - feldspar granite (solid dots on Fig. 4).

Characteristics of unusually abundant zircon

One of the most characteristic features of the second type of granitic rocks is the
abundance of zircon and iron oxides and the invariable presence of the association
allanite - epidote - opaque oxides - zircon. Sometimes hornblende is also present in
the association. The unusual abundance of zircon is noticeable. For instance in a thin
section of about 3 cm long and 1.5 cm wide between 25 and 35 zircon grains can be
counted (Samples M2, M4, M22, M28, M31 and S41). Many of the zircon crystals are
sufficiently large to be clearly identified by a 2.5 X 8 objective so as to obtain their



Petrology, Zircon Mineralization & Granite-Basalt Interaction 291

characteristic interference figures. The grains vary from euhedral to irregular in
shape (Fig. 7). Most of the zircon grains are colored, cloudy, and have a reddish
earthy surface due to the formation of hydrozircon overgrowths suggesting high U
and Th content during magmatic crystallization [13], and also suggesting a fairly high
concentration of radioactive elements in the granitic rock [14]. Some varieties of zir-
con grains are clearly altered to a metamict state caused by the structural damage
from self - irradiation. This irradiation is due to the presence of variable quantities of
radioactive elements, transforming the mineral into an amorphous mineraloid (mala-
con) or an isotropic glass [15, p. 492]. Furthermore, allanite is also widley altered or
inverted to the typical amorphous substance or metamict state [16, p. 532] as a result
of self-irradiation, thus releasing a fairly large quantity of iron oxides (Fig. 8). No
other reaction products can be seen except clay minerals which are common altera-
tion products in these granitic rocks.

Fig.7. Photomicrograph showing large, euhedral, tetragonal crystals of zircon in alkali granites (XN,
X25).

In 1982 [17] stuckless et al.have made a preliminary report on the geochemistry
and uranium favorability of the postorogenic granites of northeastern Arabian
Shield, Kingdom of Saudi Arabia. Chemical analysis of 176 samples shows that the
uranium content of the post kinematic granites is anomalously high, although they
did not find any uranium minerals and they judged the potential for secondary
uranium mineralization to be low [4]. Furthermore, [18] Stuckless et al. studied the
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Fig.8.  Photomicrograph showing the association of opaque oxides (op) with allanite metamict (al) and
zircon (zr) in alkali granite (XN, X10).

trace element geochemistry of postorogenic granite from the same area. They con-
cluded that there is some possibility for potentially economic uranium and thorium in
granitoids formed toward the end stage of postorogenic magmatism. However, in
regard to the high abundance of zircon and allanite in the area under investigation,
and the obvious widespread self-irradiation of these two minerals, further investiga-
tion is warranted in order to more thoroughly investigate the potential for uranium
mineralization.

B. Felsic and mafic dike rocks of proterozoic ages

These rocks consist mainly of rhyolitic and granitic dikes having the same pinkish
- brown color as the alkali granite with which they are associated. Their texture varies
from equigranular, very fine-grained, microcrystalline to unequigranular, porphyri-
tic. Andesitic dikes are also common in the area together with some dacite dikes and
calcite veins.

The equigranular rhyolitic dike rock is slightly altered and is mainly composed
of quartz, potash feldspar, and plagioclase with abundant amounts of opaque oxides,
and allanite, epidote, and variable amounts of zircon. Calcite occurs as vein - filling
material and some xenolithic rock fragments are also found, but no glass is present.
Quartz forms between 40-50% of the rock, K-feldspar forms about 40%, and plagioc-
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lase forms between 7 and 8 percent of the total volume of rock. The Porphyritic rhyol-
ite is chiefly composed of quartz, orthoclase, plagioclase, muscovite, rock fragments,
and some perlitic glass. Quartz content ranges between 25 and 40, K-feldspar
between 50 and 535, and plagioclase forms about 10 percent of the total volume of
rock. Accessories include muscovite, opaque oxides, zircon, and allanite. Sanidine
phenocrysts are transparent, large, euhedral, equidimensional, and have no altera-
tion. Some quartz phenocrysts are clear white, euhedral, equidimensional but most
of the quartz in the rock is in the matrix or tied up in a variety of intergrowths includ-
ing granophyric, micrographic, and vermicular relationships with plagioclase, K-
feldspar, and other minerals. Some skeletal crystals, spherulites, and sieve structures
are also encountered in this rock. Plagioclase and K-feldspar are both altered to seri-
cite and clay minerals.

The ternary composition of the two types of rhyolite (open circles on Fig. 4) lies
within the field of the alkali granite, which may indicate a genetic relation to the alkali
granite. Other criteria also genetically relate the rhylite to the alkali granite including
the pink color and the presence of the association Fe - oxides - zircon - allanite.

Andesite dike rocks are slightly altered and composed mainly of plagioclase (51-
65%}), amphiboles (20 -45%), and quartz (2-10%). Dacitic dike rocks are composed
of plagioclase (50-55%), quartz (35-40%) K-feldspar (5-15%), and biotite (5-10%).
Another variety of dike rocks common in the area is composed of K-feldspar (30-
40%), plagioclase (30-35%), quartz (20-25%), amphibole (4-10%), and biotite (1-
5%). This rock when plotted on the QAP diagram lies within the field of rhyolite not
far from the dacite field. Thus, it may be named rhyodacite (open circles on (Fig. 4).

C. Felsic - Mafic Interaction

Preliminary observation shows that the Tertiary basalt in the study area is mainly
composed of calcium plagioclase (about 45%), pyroxene (about 30%), and olivine
(about 25%). The basalts are porphyritic, vesicular, and contain abundant peridlotite
xenoliths. The rocks at the contact between the granite and basalt resulting from the
granite-basalt reaction have inherited many of the same minerals and textural rela-
tions as noted in the granitic rocks, although they differ in several regards such as:

1) The hybrid rock which resulted from melting of granite by basaltic magma
contains minerals of granitic provenance and minerals of mafic provenance.

2) All samples contain the assemblage of opaque oxides zircong allanite charac-
teristic of the granite.

3) The color of the hybrid rock in hand samples varies from dark - gray at the
hybrid - basalt contact to light pinkish - gray away from the contact (as found in the
3 - meter outcrop and represented by the line a - ¢ shown on Fig. 4).

4) There is only small variation in the amount of free quartz (15-22%) in the
rocks along the 3-meter outcrop a-c, while the K-feldspar content varies greatly from
very low (5%) near the hybrid - basalt contact to relatively high (55% ) away from the
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contact. Similarly the plagioclase content varies greatly from very high (53%) near
the contact to relatively low (4%) away from the contact.

Therefore, the local name “mixed granite” is given to such hybrid rocks and a
description of selected rock samples is given following the line a - ¢ (Fig. 4). Rock a,
from near the basalt contact (Samples M9, M14, M15, and M18), is equigranular,
dark - gray and contains white and light - pinkish grains in the hand sample. It is
medium - grained and composed mainly of plagioclase (48-53%), quartz (15-20%),
K-feldspar (5-10%), green amphibole (14-25%), and brown biotite (2-12%). Acces-
sory minerals include opaque oxides, apatite, zircon, epidote, allanite, and musco-
vite. Plagioclase grains are large, tabular, subhedral and altered to sericite with sev-
eral K-feldspar grains enclosed in plagioclase crystals. The amphibole is green
(slightly sodic) and brown, pleochroic, anhedral, irregular in shape, and of variable
size. It appears to be of variable chemical composition variety. Some amphibole
‘hornblende’ appears to enclose relic grains of pyroxene. Hornblende is often found
to embay, replace, or intergrow with brown biotite. Unidentified Fe-oxide minerals
often occur along the biotite-hornblende reaction rim. Fe-oxides may be found also
enclosed within biotite which is surrounded by a fine fibrous rim of amphibole. Chlo-
rite, as an alteration product of amphibole, is common in the rock.

A plot of this rock on the ternary diagram (Fig. 4) lies within the field of tonalite
near the granodiorite field (point a) and may be called granodioritic tonalite.

Rock b is dark gray with white and pink grains (Sample M10, M11, and M12).
It is medium to coarse - grained, equigranular, composed essentially of plagioclase
(20-30%), K-feldspar (25-35%), quartz (18-20%), amphibole (18-24%), and biotite
(1-7%) with a variable abundance of accessories such as opaque oxides, zircon, apa-
tite, and allanite. Samples a and b have similar characteristics, crystal forms, and
crystal habits including the presence of relic pyroxene enclosed in amphibole, the

hornblende - biotite - iron oxide association and intergrowths, and hornblende - biot-
ite altered to chlorite.

A plot of rock b on the diagram (Fig. 4) lies in the field of granite close to the
quartzmonzonite field. Therefore, the rock (Samples M10, M11, and M12) can be
named hornblende - biotite monzogranite.

Rock c is light - gray containing abundant pink grains. It is coarse - grained,
equigranular, and composed mainly of K-feldspar (43-46%), quartz (20-22%),
amphibole (18-20% ), plagioclase (10-14%), and biotite (2-5%) with accessory min-
erals such as opaque oxides, zircon, allanite, and epidote, but no apatite is present.
Amphibole including the blue variety is present. Relic pyroxene enclosed in
hornblende is also found. Other characteristics, such as crystal forms and habits of
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minerals again resemble these of rocks a and b except as discussed earlier, for mineral
abundance and color of the rock.

Plot of the rock ¢ on the diagram (Fig. 4) reveals it to be in the granite field near
from the field of quartz syenite and thus it may be named hornblende granite. (Sam-
ples M21, and M23).

The compositional extrapolation of line a-c reaches the alkali granite field in
which the samples M16, M17, and M22 are real alkali feldspar granites with increased
amounts of mafic minerals. These rocks consist mainly of K-feldspar (52-55%),
quartz (18-20%), amphibole (20-22%), plagioclase (4-5% and biotite (0-4%).

Mass transfer and mass balance
The preceding systematic study of modalcomposition of the three rock types (a,
b, and c) reveals that:

1. The original “prototype™ for these rocks is alkali - feldspar granite composed
mainly of K-feldspar and quartz with a small proportion of plagioclase and mafic con-
stituents.

2. The emplacement of basaltic magma as a lava flow in contact with the alkali
granite caused digestioin and assimilation of variable quantities of the granitic mate-
rial. This is shown by increased felsic minerals in the basaltic magma near the contact
that probably caused an increase in the silica content of the rocks.

3. Material of basaltic composition was transferred to the granite probably by
diffusion or by partially melting the granite adjacent to the contact without assimila-
tion followed by introduction of basaltic material into the melted granite. The extent
of mass transfer could be determined by whole rock chemical analysis and quantita-
tive mass calculation. That is not possible here due to lack of chemical analysis. How-
ever, supposing that there is no variation in the volume of the newly formed rocks,
an estimate of mass balance may be done using the modal information (Table 2, and
Fig. 9).

The original granitic rock (alkali - granite) contains: 31% quartz, 6% plagioc-
lase, 60% K-feldspar, and 2% mafics. The basaltic lava flow rock contains: 25%
olivine, 30% pyroxene, 45% plagioclase, and no free-quartz.

Rock c contains: 21% quartz, 12% plagioclase, 45% K-feldspar, and 22%
mafics.

Rock b contains: 19% quartz, 25% plagioclase, 31% K-feldspar, and 25%
mafics.

Rock a contains: 18% quartz, 50% plagiocalse, 6% K-feldspar, and 26% mafics.
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Table2.  Mass balance showing the amount of variation in oxide content in rock a, located at the granite-

basalf contact

Minerals alkali- rocka decrease increase amount of
granite granite volume % volume % change

Quartz 31 18 13 - 1.7 times
(5i02)
Plagiocalse 6 50 - 44 8.3 times
(CaQ)
K-feldspar 60 6 54 - 10times
(k20)
Mafic
minerals 3 26 - 23 8.7 times

(MgQO,FeQ, Ca0)

40 -

20

Volume % of quartz plagioclase

and amphibole + biotite in granite

0 L 1 1 b |
0 20 b 40 ¢ d f 70

Volume % of k-feldspar

Fig.9.  Qualitative diagram, showing the variation in mafic content, Ca-plagioclase, and quartz content
in function of K-feldspar content in the granitic rocks (a = rock a, b = rock b, ¢ = rock c,d=
samples M 16, M17, and M22 “alkali granites”, and f = prototype rock “alkali feldspar granite™).
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Therefore, from point ¢, 3 - m away from the contact, toward point a, at the con-
tact, thec mass exchange of the hydrid rock (a) at the basalt - hydrid contact is as fol-
lows:

Quarts has decreased 1.7 times.

Plagioclase has increased 8.3 times.

K-feldspar has decreased 10.0 times.

Mafic content has increased 8.7 times.

These variations in mineral abundance reflect the difference in abundances of Si0,,
Ca0, K,0, MgO and F¢O.

In conclusion, by transfer of material from the basaltic magma to the alkali gra-
nite, the resulting hydrid has changed into a more mafic rock with minimal loss of
granitoid textural relations, crystal shapes and habits, and mineralogy. Alkali gra-
nite, the country rock, is only partially melted, forming-a magma that remained
immobile. The originally felsic magma received an appreciable amount of material of

basaltic origin injected by the ascending mafic melt. Eventually the hybrid magma,
cooled and solidified.

Estimation of chemical changes indicates a gradual and consistent increase in
CaO, MgO, and FeO contents in contrast to a decreasc in the Si0, and KZO content

in granitic wallrock as the basaltic dike contact is approached. Other microscopic
observations confirm this hypothesis;

1. Careful examination of the hybrid - basalt contact reveals it to be diffuse, gra-
dational, and of limited extent, (about 3 m in width). This indicates that a reaction
between the granitic rocks (alkali-granite) and the basaltic magma occurred but the
extent of interaction is quite limited [12, p. 732]. It is likely that the ascending magma
was of limited volume (mass) with respect to the country rock so that a relatively
rapid cooling of the basaltic magma cccurred as it contacted the cool granitic rocks.

2. The grains decrease gradually in size within the mixed rocks as the contact
with basaltic rock is approached. Decrease in grain size occurs as the granitic rocks
become more mafic toward the contact, and formation of the small grains indicates
a large temperature difference between the original granite and the produced rock
type.
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