

























































































olivine is replaced by serpentine, pyroxene is
replaced by serpentine, talc, and carbonate, and
chromium-spinel grams are mantled by magnetite
but retain primary chromium-spinel in their cores.
X-ray diffraction analysis of three samples
determined that the serpentine polymorphs were
lizardite and chrysotile. These rocks are cut by
anastomosing bands of listwaenite in which silicate
minerals are replaced by magnesite, quartz, and
talc. As in the other study areas, the composition
of the peridotite protolith is uncertain because of
the extreme alteration.

The center of the serpentinite belt appears
to be relatively undeformed. The rocks are massive
and devoid of schistosity except in narrow
anastomosing, north-trending shear zones. The
peridotite is cut by relatively undeformed mafic
dikes that have been altered to amphibolite
composed of green amphibole and plagioclase.
The serpentinite is composed of equant spinel and
bastitized pyroxene grains that are randomly
disseminated in a matrix of serpentine replacing
olivine. Although spinel trails are developed locally,
there is no evidence of a pervasive spinel foliation,
suggesting that the rocks were not mantle
tectonites.

A well-developed north-trending schistosity
is present near the margins of the serpentinite belt.
The schistosity cuts both serpentinite rock and
listwaenite and is locally deformed by small folds
and cut by northwesterly trending, quartz-filled
tension gashes. Mafic dikes are rotated to parallel
the schistosity and are boudined. In places of
extreme deformation, the boudins are flattened
into lenticular layers of chlorite-rich schist. The
mafic boudins are completely replaced by chlorite,
albite, epidote, magnetite, and carbonate.
Blackwall reaction zones completely envelope the
boudins.

Amphibolite

Black-weathering amphibolite (a) underlies
broad areas east of the serpentinite belt and occurs
as slivers that are tectonically interleaved with
serpentinite. In most places, the contact between
the amphibolite and serpentinite is a subvertical
north-trending fault of the Nabitah system. The
amphibolite is cut by a steeply dipping foliation that
strikes from north-northwest to north-northeast.
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Near the serpentinite, the foliation in the
amphibolite parallels the faulted contact.

The amphibolite is composed of an inter-
growth of green-brown zoned hornblende, plag-
ioclase, epidote, and opaque minerals. Quartz and
garnet are present in some assemblages. The
foliation is defined by the preferred orientation of
hornblende. Electron microbeam analysis indicates
that the garnet is Ca-rich and, therefore, not
indicative of almandine-amphibolite-grade
metamorphism. Near contacts with the serpen-
tinite, the primary metamorphic assemblage is
partially replaced by chlorite and actinolite,
plagioclase is saussuritized, and plagioclase and
hornblende grains are broken and polygonatized.
The paragenesis is identical to that of the
amphibolites at Bi’r Tuluhah. Epidote amphibolite,
or upper greenschist, is the maximum metamorphic
grade attained by the amphibolite and localized
deformation of the maximum-grade assemblages
was accompanied by partial recrystallization to
lower greenschist facies.

Structural relations at two locations suggest
that the serpentinite may have been tectonically
emplaced above the amphibolite prior to Nabitah
faulting. An outlier of garnet amphibolite and
serpentinite is located in the middle of a
metadiorite pluton near the northern limit of the
study area. Foliation in the amphibolite is
truncated by the contact with the serpentinite and,
although exposures are poor, rock distributions
suggest that the amphibolite is overlain by
serpentinite. The second location is an inlier of
amphibolite too small to show on plate 5 but is
located near the center of the serpentinite belt at
lat 23050.5’ N. The amphibolite crops out as a
north-trending lenticular body. To the west, the
amphibolite clearly dips under serpentinite. Near
this contact, foliation and compositional layering
are parallel and folded (F,); the asymmetry of
folding suggests overthrusting from west to east.
The amphibolite is bounded on the east by a
subvertical fault that juxtaposes serpentinite.
Amphibolite near this contact is cut by a steep
axial-plane foliation that parallels the fault and
crosscuts the compositional layering.

Metadiorite

Foliated metadiorite (md) crops out on the
east side of the serpentinite belt. The foliation



attitude is somewhat variable but has a northward
strike on the average. Contacts with the serpent-
inite belt are faulted. Lenses of blackwall-
enveloped metadiorite are tectonically interleaved
with talc-serpentine schist. Near the serpentinite
the foliation in the metadiorite changes strike in
such a way that it parallels the serpentinite-
metadiorite contact. In contrast, metadiorite
contacts with the amphibolite and serpentinite
outlier to the east appear to be intrusive.
Amphibolite occurs as xenoliths and roof pendants
within metadiorite, and dikes of metadiorite intrude
the serpentinite in the outlier.

The metadiorite is composed of green-
brown secondary hornblende, saussuritized
plagioclase, quartz, epidote, opaque minerals,
sphene, and variable amounts of biotite and
microcline. No traces of the primary mafic silicates
remain. Textures range from weakly protoclastic to
stongly porphyroclastic. In weakly protoclastic
rocks, hypidiomorphic-granular textured horn-
blende, feldspar, and quartz are cut by bands of
mosaic-textured quartz and feldspar that apparently
formed by crushing of primary grains. Quartz and
feldspar have undulatory extinction, and biotite is
oriented parallel to the mosaic-textured bands,
defining a weak foliation. Graphic intergrowths of
quartz and feldspar in the interstices of the crushed
bands suggest that the rock was still partially
molten at the time of deformation. In strongly
porphyroclastic rocks, abraded porphyroclasts of
plagioclase and microcline are surrounded by a
very fine-grained mosaic of quartz, feldspar,
epidote, and chlorite. A well-developed foliation,
defined by trails of crushed grains and the
orientation of chlorite plates, wraps around the
porphyroclasts. The textural evidence for
synmagmatic cataclasis and the northerly trend of
the foliation suggest that emplacement of the
metadiorite may have been contemporaneous with
Nabitah faulting.

Granodiorite and Rharaba Complex

Undeformed granodiorite (gd), cumulus
peridotite (r1), and gabbro (r2) of the Rharaba
complex crop out east of the serpentinite belt.
Unfoliated granodiorite crosscuts the foliation in
the metadiorite and amphibolite, indicating that the
granodiorite intrudes the latter lithologies. The
Rharaba complex is composed of layered plagio-
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clase olivine-pyroxenite, websterite, troctolite and
two-pyroxene gabbro. The rocks are undeformed
and only moderately altered to serpentine, chlorite,
and epidote. Preliminary electron-microbeam
studies of samples from several exposures of the
Rharaba complex (fig. 2) indicate that, in many of
the rocks, anorthite-rich (typically An,g,)
plagioclase coexists with relatively Fa-rich (Fa,)
olivine. lﬁemp and others (1982) interpreted the
Rharaba icomplex to be the same age as the
granodiorite (their monzogranite) based on spatial
association and mutually crosscutting relationships.
A consanguinous relationship with granodiorite or
tonalite, the presence of two-pyroxene gabbros, and
coexisting fayalitic olivine and anorthitic plagioclase
are characteristics of layered gabbro/peridotite
complexes in the western cordillera of North
America (James, 1971; Irvine, 1974; Snoke and
others, 1981; Burns, 1985). Converging evidence
suggests that these complexes formed as cumulates
in magma chambers beneath island-arc volcanic
centers (Snoke and others, 1981; Burns, 1985); that
interpretation is adopted for the Rharaba complex
by analoéy. The absence of deformation in the
Rharaba complex suggests that the layered gabbro
and peridotite were emplaced relatively late in the
history of the Jabal al Qub area.

|
Volcanic and Sedimentary Rocks

Intérbedded volcanic and sedimentary rocks
(vs) and rhyolite (rhy) crop out in a wide band
west of the serpentinite belt. Basalt and andesite
are more abundant in the west and volcanic
sandstone and conglomerate appear to be more
abundant in the east. The basalt and andesite
locally contain epidote-filled vesicles, and some
flows are plagioclase phyric. The volcanogenic
sandstone|is a poorly sorted wacke that grades into
conglomerate. The conglomerate contains clasts of
gray aphinitic volcanic rock, rhyolite, and welded
rhyolitic tuff, amphibolite clasts where identified at
one site. A single belt of rhyolite crops out within
the metasedimentary rocks. The rhyolite contains
well-deve‘iopcd flow foliation, but fiamme and
other structures diagnostic of volcanic origin are
absent. Although an intrusive origin is possible, the
rhyolite is thought to be volcanic because of its
concordance with surrounding sedimentary rocks.

The volcanic and sedimentary rocks are
locally f$liated. These rocks weather to low,
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north-trending ridges, and in general, a north-
striking foliation is best developed in the valleys. In
contrast, the rocks of the ridge crests are less
foliated. This suggests that the terrane is crosscut
by numerous, poorly exposed, anastomosing faults.
The foliation is steeply dipping, suggesting that the
faults are subvertical. In these foliated areas, basalt
vesicles and sandstone clasts are flattened into the
plane of the foliation.

The rocks show signs of intense deformation
near the serpentinite belt. A foliation is pervasive
within about 1-4 km of the serpentinite. Within 0.5-
1 km of the serpentinite, the rock is phyllonitic with
a well-developed schistosity; the primary sedi-
mentary and volcanic textures have been oblit-
erated by cataclasis. Within 20 m of the serpent-
inite, the schistosity is intensely deformed into tight,
steeply dipping disharmonic folds. A lineation par-
allels the fold axes.

Kemp and others (1982) subdivide the
volcanic and sedimentary rocks into the Ghamr
group and the Mahd group, which are separated by
an unconformity. The younger Ghamr-group rocks
are interpreted to occupy the core of a large
syncline. In this study, no evidence of unconformity
or a major syncline was found and, indeed,
available attitudes do not support the existence of
either structure. In view of the evidence for
extensive faulting, subdivision of this unit into
groups should await detailed mapping.

Tonalite and Undivided Granite

Tonalite (dt) and undivided granite (g)
underlie the southwest corner of the Jabal al Qub
area. Kemp and others (1982) show the Mahd and
Ghamr groups unconformably overlying the tona-
lite (their Dhukr tonalite) in this area. They show
the undivided granite (their Bari granodiorite)
intruding the Mahd group but unconformably
overlain by the Ghamr group. These hypotheses
were tested in this investigation because the
tonalite is the only isotopically dated rock in the
Jabal al Qub area. The results suggest that both the
tonalite and undivided granite invariably intrude, or
are in fault contact with, rocks corresponding to the
Mahd and Ghamr groups of Kemp and others
(1982). No evidence of a basal conglomerate exists
at the contact between the volcanic and sedi-
mentary rocks and the tonalite or undivided granite
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contacts. Conglomerate lenses, where present at
the contact, are devoid of tonalite and granodiorite
clasts. Instead, an intrusive contact is indicated by
crosscutting relationships. Unfoliated tonalite cuts
bedding and foliation in the interbedded volcanic
and sedimentary rocks along the northern 10-15 km
of its exposure in the study area (pl. 5). In this area,
the tonalite contains xenoliths of andesite and roof
pendants of foliated basalt and andesite. Tonalite
dikes intrude the roof pendants. To the south, a
small septum of volcanic and sedimentary rock is
trapped along the contact between the tonalite and
undivided granite, and the undivided granite
crosscuts bedding in the adjacent volcanic and
sedimentary rock.

Faulting

The Nabitah fault system is represented in
the Jabal al Qub area by a narrow zone of
north-trending anastomosing faults that are
spatially associated with serpentinite outcrops.
Serpentinite, amphibolite, metadiorite, and
interbedded volcanic and sedimentary rocks were
deformed by the Nabitah faults. The steep dips of
these foliations suggest that the faults are sub-
vertical. The ages of the tonalite, undivided granite,
granodiorite, and the rocks of the Rharaba complex
relative to Nabitah faulting are uncertain.

Several northwest-trending strands of the
Najd fault system were mapped in the Jabal al Qub
area. Sedimentary and volcanic rocks of the Jibalah
group (§) are exposed along the two northernmost
Najd faults. The other Najd faults clearly offset the
serpentinite belt and the Nabitah faults.

Folding

Two fold orientations (fig. 14) are recog-
nized in the Jabal al Qub area, and as at Bi'r
Tuluhah, the spatial distribution of these orient-
ations is related to the Nabitah faults.

The F, folds (fig. 14E) have gently plunging
axes and are found some distance from strands of
the Nabitah fault system. The best examples of F;
folds are in the southeastern corner of the Jabal al
Qub area where parallel foliation and comp-
ositional layering in amphibolite is folded into a
tight north-plunging antiform with an amplitude
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Figure 14-Equal-area-projection diagrams showing orientations of fold axes and lineations in the Jabal al
Qub area: (A) F, fold axes and lineations in phyllonite along east side of Nabitah fault system, (B) F,
fold axes in foliated volcanic and sedimentary rocks east of Nabitah fault system, (C) F, fold axes
and lineations in amphibolite within 100 m of Nabitah faults, (D) F, fold axes in foliated serpentine
near Nabitah faults, and (E) F, fold axes in amphiolite well removed from Nabitah faults.

of several kilometers. The limbs of the antiform
contain numerous parasitic folds. Another example
of F, folding is found in the amphibolite inlier (see
Amphibolite, above) within the serpentinite belt.
Folds along the western side of the inlier are
defined by deformed compositional layering and
plunge gently to the northeast or southwest.

The F, folds (figs. 14 A-D) are defined by
deformations in foliation and schistosity. Most of
these folds are located near strands of the Nabitah
fault system and are characterized by steeply
plunging axes (figs. 14 A, C, and D). F,
orientations also appear to be developed in the
foliated zones that crosscut the interbedded
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volcanic z{nd sedimentary rocks (fig. 14B).

Fault Kﬁnematics

The Nabitah fault system appears to have
been dominated by left-lateral strike-slip motion in
the Jabal jal Qub area. Fold axes located near the
faults are| steep, suggesting that motion was strike
slip. A left-lateral sense of motion is suggested by
(1) the sense of drag folding in the phyllonite near
Nabitah faults, (2) asymmetry in small folds in the
amphibolite near the Nabitah faults, and (3) the
orientation of quartz-filled tension gashes in
foliated serpentinite.



Geochronology

Stoeser (1986) reports an age of 815 +9 Ma
for the tonalite in southwestern corner of the Jabal
al Qub area. This age is significant because it
suggests that the interbedded volcanic and
sedimentary rocks are older and belong to a
terrane that may be similar in age to the Nugrah
belt.

Synthesis

The Jabal al Qub area is cut by north-
trending strands of the Nabitah fault system.
Structural evidence suggests that motion on these
faults was left-lateral strike slip. A horst of

serpentinite may have been tectonically emplaced
along these faults. East of these faults, the area is
underlain by interbedded andesite, basalt, rhyolite,
volcanogenic sedimentary rocks, and marble, all of
which are intruded by tonalite and undivided
granite (815 Ma). The abundance of volcanic wacke
in the section suggests that the rocks were
deposited near an island arc. East of the Nabitah
faults, the area is underlain by amphibolite, minor
serpentinite, and metadiorite, all of which are
intruded by granodiorite and gabbroic cumulus
rocks. Structural evidence suggests that, prior to
Nabitah faulting, the serpentinite may have been
thrust over the amphibolite from west to east.
Structural and petrographic evidence suggests that
subsequent intrusion of the metadiorite may have
been synchronous with Nabitah faulting.

GEOCHEMISTRY

GEocHEMICAL TECHNIQUES

Whole-rock analyses were performed by
electron microbeam analysis (EMA) of glasses for
major elements and X-ray fluorescence (XRF)
spectroscopy of compacted powder for trace
clements. Each sample was crushed and ground to
200 mesh. A split of the resulting powder was
melted to form a glass bead for EMA and a second
split was compacted for XRF analysis. Glass beads
were manufactured by melting powder suspended
on platinum loops in a vertical furnace open to the
atmosphere. Basalts and andesites were lheated to
approximately 1,300° C for 3 hours. Rhyolites were
heated to approximately 1,100° C for 3 lours to
minimize alkali loss. Quenching was performed
with a compressed-air gun. Glasses were ground
and remelted to optimize their homogeneity.
Volatiles (H,0 and CO,) are lost during glass
preparation so that EMA’s are the "anhydrous”
equivalent of the original sample composition.
Sodium and potassium do not appear to be affected

by glass preparation.

EMA was performed on mineral grains and
polished glass mounts using a JEOL T300 scanning
electron microscope (SEM) equipped with a
Tracor Northern Si(Li) energy-dispersive X-ray
detector (EDA). Operating conditions were 15 kV
accelerating potential and a take-off angle of 25
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degrees. X-ray spectra were analyzed using
Bence-Albee correction factors and modified
Tracor Northern software. Calculated abundances
and precisions were automatically transferred to an
IBM XT microcomputer for storage and
subsequent manipulation.

XRF analysis was performed using a Kevex
7000 X-ray fluorescence analyzer interfaced to an
IBM-PC. Samples were irradiated at atmospheric
pressure using 19°Cd and 241Am radioactive
sources. X-ray spectra were collected using a
Kevex Si(Li) EDA and transferred to an IBM-PC
for analysis and storage. Spectral analysis was
performed using XAP, a least-squares spectral-
deconvolution program (Quick and Helaby, 1988).

The data presented in Appendix A are
considered to be fully quantitative for major
elements determined by EMA and semiquantitative
for trace elements determined by XRF. True
accuracy for the EMA results was found to be 2 to
5 percent of the abundance for elements present in
greater than 1 percent abundance based on analysis
of rock standards with published compositions
(Quick and Hussein, unpub. data). For the XRF,
accuracy depends on the abundance of the element
and which X-ray lines (K, L, or M) are measured;
in general, the best accuracy is obtainable at 5 to 15
percent of the abundance on this system at present



(Quick and Helaby, 1988). Appendix A also
contains 20 major- and trace-element analyses for
the Hulayfah group reported by Kattan (1983).

GEOCHEMICAL RESULTS

The EMA and XRF data are presented
graphically in terms of AFM, K,0-SiO,,
titanium-zirconium, and titanium-zirconium-
yttrium diagrams in figures 15-22. All diagrams for
the Hulayfah group include 15 analyses from
Kattan (1983). Results of over 1,000 spinel analyses
are presented graphically in figure 23.

Whole-rock analyses are used primarily to
better understand the possible relationships that
may exist between the various rock types in the Bi’r
Tuluhah and Bi’r Nifazi areas. The formation of
these rocks in island-arc environments is
considered beyond dispute based on petrology and
field relations. Spinel analyses, however, are used
to investigate the petrogenesis of the serpentinite.

Petrogenesis and Immobile Elements

The extensive greenschist-facies alteration
and local carbonate metasomatism of the rocks
analyzed in this study suggests that the original rock
compositions may have been modified significantly.
To minimize this effect, rocks with obvious
metasomatism were not analyzed and rocks with
greater than 13 weight percent CaO, a conservative
upper limit for unaltered volcanic rocks, were
discarded from the diagrams. Nevertheless, sodium
and potassium concentrations are particularly
susceptible to modification by low-grade
metamorphic processes, and conclusions drawn
from them in greenschist terranes must always be
suspect. Therefore, figures 15, 16, 19, and 20 are
used mainly to compare the present compositions
of different groups of rocks; it should be
emphasized that petrogenetic speculations based
on these diagrams are tentative.

To avoid the above uncertainties, some
geochemists focused on "immobile elements” (for
example, Pearce and Cann, 1973) that are
considered to be relatively insoluble under
conditions of greenschist-and amphibolite-grade
metamorphism. The relative abundances of these
elements should be more diagnostic of the original
rock compositions. Figures 17, 18, 21, and 22 are
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examples of these diagrams and are divided into
"tectonic fields" defined by Pearce and Cann (1973).
However, recent exploration (for example, Stern
and Bibee, 1984) of active island arcs revealed
volcanic compositions that do not conform to these
"tectonic fields". Therefore, these diagrams are
used mainly to compare rocks analyzed in this study
with each other and with those of other arc
terranes; the original fields of Pearce and Cann
(1973) are included for reference. Figures 17, 18,
21, and 22 contain data for basalt to rhyolite in
composition, whereas the fields of Pearce and Cann
(1973) were defined solely on the basis of basalit
compositions. Rocks with SiO, greater than 60
weight percent are included in diagrams where they
constitute ' a significant part of the data and(or)
influence the distribution of points.

Darb Z*baydah Ophiolite

Figi:re 15 presents AFM diagrams for the
volcanic and hypabyssal rocks of the Darb
Zubaydah ophiolite. The volcanic rocks plot in an
elongate field that crosses from the tholeiitic region
to the calc-alkali region of the diagram. Compared
to AFM diagrams for circum-Pacific arc-related
volcanic rocks (Ewart, 1982), this field is similar in
position gd extent to the fields for low-K and
calc-alkalil rocks of the western Pacific island arcs.
In contrast, most of the hypabyssal rocks plot in the
tholeiitic region and define a field with a modest
Fe-enrichment trend among the low-alkali rocks. It
is uncertain if the differences between figures 15A
and 15B are attributable to differences in late
differentiation or to the differences in alteration
between the volcanic and the dike rocks.

Diagrams showing variations in K,0 and
SiO2 for the volcanic and hypabyssal rocks appear
in figure 16. Both the volcanic and hypabyssal rocks
display widc ranges in KZO and SnO2 abundances,
with K20 generally increasing with increasing SiO,
content. Both groups of rocks display a
compositional gap between 60 and 65 percent SiO,,
indicating that volcanism was bimodal in the Darb
Zubaydalj ophiolite. The volcanic rocks appear to
have two branching differentiation trends above 65
weight pkrccnt SiO,. Although the effects of
post-magmatic alteration (such as meta-
somatism) are unknown in the Darb Zubaydah
ophiolite, it is interesting to note that branching
differentiation trends are also described in the



Figure 15—-AFM diagrams for (A) volcanic rocks and (B) hypabyssal rocks of the Darb Zubaydah ophiolite.
Axes are defined as follows: A, Na,O + K,O; F, FeO + 0.9 Fe,O5; M, MgO. Curve in center of
diagram marks boundary between tholeiitic (upper) and calc-alkaline (lower) regions of Irvine and

Baragar (1971).
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Figure 16--Compositional (K,0-SiO,) diagrams for (A) volcanic rocks and (B) hypabyssal rocks of the
Darb Zubaydah ophiolite. Fields are described by Ewart (1982) and are listed from left to right:
bottom row, low-K tholeiite, low-K basaltic andesite, low-K andesite, low-K dacite, low-K rhyolite;
second row, calc-alkali basalt, calc-alkali basaltic andesite, calc-alkali andesite, calc-alkali dacite,
calc-alkali rhyolite; third row, high-K basalt, high-K basaltic andesite, high-K andesite, high-K dacite,
high-K rhyolite; top row, absarokite, shoshonite, banakite.
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Aleutian islands by Marsh (1982) who attributes
them to two styles (open and closed) of
near-surface magmatic behavior.

The Darb Zubaydah basalts and andesites
plot on a titanium-zirconium diagram (fig. 17A) in
the fields A, B, and D and in the low-Zr end of
field C. A similar pattern is defined by the data for
the basaltic- and andesitic-composition hypabyssal
rocks (fig. 17B). Taken at face value, the fields of
Pearce and Cann (1973) would assign mid-ocean
ridge origins to the basalts. However, Stern and
Bibee (1984) describe high-titanium/zirconium
volcanic rocks of Esmeralda Bank a volcanic center
that is located in the back-arc region of the
Mariana volcanic arc, that also plot in the
mid-ocean ridge basalt ficld. Furthermore, the

volcanic basalts and andesites are
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interbedded with abundant rhyolitic rocks that must
have formed in the same tectonic setting. Perhaps
the Darb Zubaydah ophiolite could have formed
near a volcanic center similar to Esmeralda Bank.
Note that the rhyolitic rocks of the Darb Zubaydah
ophiolite plot within or near field C.

The volcanic and hypabyssal rocks that have
basaltic to/ andesitic compositions plot within field
B and the high-titanium end of field C on the
zirconium-titanium-yttrium plot (on figure 18). This
distribution suggests a calc-alkaline affinity (Pearce
and Cann, 1973), which would be consistent with
formation in an island-arc environment. Note that
the rhyolites plot at the low-titanium end of the
diagram and are mostly outside the defined fields.
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Figure 17--Compositional (Ti-Zr) diagrams for (A) volcanic rockﬁs and (B) hypabyssal rocks of the Darb
Zubaydah ophiolite. Fields are defined by Pearce and Cann (1973) as follows: Ocean-floor basalts
(MORB), fields D and B; low-K tholeiites, fields A and B; calc-alkali basalts, fields C and B. Rhyolitic
compositions are encircled to distinguish them from basalts and andesitic compositions.
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Figure 18—-Zr-Ti-Y ternary diagrams for (A) volcanic rocks and (B) hypabyssal rocks fo the Darb Zubaydah
ophiolite. Fields are defined by Pearce and Cann (1973) as follows: oceanic-island basalts, field D;
ocean-floor basalts, field B; low-K tholeiites, fields A and B; calc-alkali basalts, fields C and B.
Rhyolitic compositions are encircled to distinguish them from basalts and andesitic compositions.

Bi’r Tuluhah

Using AFM diagrams (fig. 19), two groups
of volcanic rocks are discernable in the Bi’r
Tuluhah area. The metabasalt and metatuff (fig.
19A) show more spread than the Darb Zubaydah
ophiolite, perhaps reflecting a greater degree of
alteration attending deformation in the Nabitah
fault zone. Nevertheless, the metabasalt and
metatuff compositions define a field that, like the
Darb Zubaydah volcanic rocks, extends from the
tholeiitic region to the calc-alkali region of the
diagram and does not display an Fe-enrichment
trend within the low-alkali rocks. In contrast,
almost all of the Hulayfah volcanic rocks plot
within the calc-alkali region and display a weak
Fe-enrichment trend in the low-alkali rocks. The
amphibolite, mafic dikes in serpentinite, and fine-
grained diorite (figs. 19B-D) plot as relatively tight
clusters within the calc-alkali region. This
projection sheds little light on the affinities of the
amphibolite and mafic dikes. However, the fine-
grained diorite cluster falls within the field defined
by the Hulayfah volcanic rocks (fig. 19E) and
overlaps only slightly with the field defined by the
metabasalt and metatuff. This suggests (but does
not prove) that the fine-grained diorite could be the
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hypabyssal equivalent of the Hulayfah volcanic
rocks.

The metabasalt and metatuff are also
distinguishable from the Hulayfah group on a
K,0-8i0O,-variation diagram (fig. 20). Like the
Darb Zubaydah volcanic and hypabyssal rocks, the
metabasalt and metatuff (fig. 20A) show wide
ranges in K,0 and SiO, abundances, extending
from low-K tholeiites to calc-alkali rhyolites. There
is a suggestion of bimodal volcanism with a
compositional gap in the range of about 56 to 67
percent SiO,; compared to the Darb Zubaydah
ophiolite, however, the spread of data points is
more like that of the hypabyssal rocks than the
volcanic rocks. Compared to the metabasalt and
metatuff of the Darb Zubaydah ophiolite, SiO,
contents of the Hulayfah volcanic rocks are
restricted to a small range (50-60 percent) and K,0
concentrations are higher in rocks of similar SiO,
content. Figure 20 does not clarify the relationships
of the amphibolite or the fine-grained diabase with
respect to either group of volcanic rocks. The dikes
in serpentine (fig. 20C) do, however, display a
bimodal spread of compositions that is similar to
the metabasalt and metatuff.



Figure 19—-AFM diagrams for rocks of the Bi'r Tuluhah area: (A) metabasalt and metatuff, (B) amphibolite,
(C) mafic dikes in serpentinite, (D) fine-grained diorite, and (E) Hulayfah group volcanic rocks. Axes
are defined as follows: A, Na,0 + K,O; F, FeO + 0.9 Fez'?a; M, MgO. Curve in center of diagram
marks boundary between tholeiitic (upper) and calc-alkaiine (lower) regions of Irvine and Baragar
(1971).
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Figure 20--Compositional (K,0-SiO,) diagrams for rocks of the Bf'r Tuluhah area: (A) metabasalt and
metatuff, (B) amphibolite, (C) mafic dikes in serpentinite, (D) fine-grained diorite, and (E) Hulayfah
group volcanic rocks. Fields are described by Ewart (1982) and are listed from left to right: bottom
row, low-K tholeiite, low-K basaltic andesite, low-K andesite, low-K dacite, low-K rhyolite; second
row, calc-alkali basalt, calc-alkali basaltic andesite, calc-alkali andesite, calc-alkali dacite, calc-alkali
rhyolite; third row, high-K basalt, high-K basaltic andesite, high-K andesite, high-K dacite, high-K
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The titanium-zirconium variation diagrams
(see figure 21) also distinguish the metabasalt and
metatuff from the rocks of the Hulayfah group. The
basalt and andesite from the metabasalt and meta-
tuff units (fig. 21A) plot in fields A, B, and D and
the low-zirconium end of field C; this distribution is
strikingly similar to the distribution defined by the
Darb Zubaydah volcanic rocks. Furthermore, these
units contain rhyolitic rocks that have low titanium
and high zirconium concentrations similar to the
rhyolite of the Darb Zubaydah ophiolite. In
contrast, the fah compositions (fig. 21E) define a
single trend that falls midway between the
ocean-floor and calc-alkali fields of Pearce and
Cann (1973). The compositions of the amphibolite
and the mafic dikes in serpentinite (figs. 21B and
21C) both define patterns similar to those of the
basalts and andesites of the metabasalt and
metatuff. The data for the fine-grained diorite (fig.
21D) is less definitive and does not distinguish
between a possible cogenetic relationship with the
Hulayfah group or with the metabasalt and
metatuff.

Ternary plots for the Bi’r Tuluhah area (fig.
22) corroborate the above observations. The
basalts and andesites from the metabasalt and
metatuff units (fig. 22A) plot primarily in field B,
which is a similar distribution to that of the basalts
and andesites of the Darb Zubaydah ophiolite (fig.
18A). The interbedded rhyolites plot at the
low-titanium end of the diagrrm, outside the fields
defined by Pearce and Cann (1973), aud define a
field that is again similar to analogous rocks of the
Darb Zubaydah ophiolite (fig. 18A). In contrast,
the Hulayfah compositions define a tight cluster in
field C and the low-titanium end of field B. The
scatter of data points for the mafic dikes in
serpentinite (fig. 22C) is like that of the metabasalt
and metatuff. The amphibolite data plot mainly in
field B, with higher titanium values than the
Hulayfah data; these data are like the
higher-titanium compositions of the metabasalt and
metatuff. The fine-grained diorite defines a field
almost identical to that of the Hulayfah group,
strongly suggesting that these rocks are related.

Spinel Analyses

Figure 23 presents the average spinel
compositions of 56 samples of serpentinized
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peridotite. Each datum represents the average of
15 to 20 analyses of unaltered cores of spinel grains
in a single rock. The data range in chromium-value
[100 x Cr/(Cr + Al)], from about 40 to 90, with a
clear compositional gap in the range of 60 to 65.
The compositional range, taken as a whole, is
similar to the range in spinel composition to the
Type-II peridotites of Dick and Bullen (1984).
These authors pointed out that spinel compositions
in abyssal| peridotite from oceanic fracture zones
(Type-I spinel) rarely exceed chromium values of
60, and that, therefore, spinels with chromium
values greater than 60 are indicative of petrogenetic
processes not active at midocean ridges. In con-
trast, chromium values of spinel obtained from
island-arcsrelated volcanic rocks, xenoliths, and
xenocrysts| range from 38 to almost 90. Cumulate
peridotite from southeast Alaskan intrusions (which
are inferred to represent the magma chambers of
an ancient island arc) contains spinel with chrom-
ium value$ in excess of 60. On the basis of these
observations, Dick and Bullen (1984) have
suggested | that spinel with chromium values in
excess of 60 (Type II) are indicative of an island-arc
environment, and that Type III spinels, which show
a wide range in composition, are indicative of
upper-mantle lithosphere that was generated at a
mid-ocean ridge but modified by extraction of
partial me¢lt beneath an island arc. However, the
compositignal gap at the 60-65 chromium value in
the Nabitah spinels does not fit the Type-III
concept because partial melting would produce a
continuum in spinel compositions. Instead, the gap
suggests that a significant amount of serpentinite
along the #\Iabitah fault zone was produced by alter-
ation of cumulus peridotite formed in magma
chambers beneath an ancient island arc. Rocks with
high-chromium-value spinels would have crystal-
lized in these magma chambers, and rocks with the
low-chromium-value spinels may be altered
samples of subarc mantle. It is significant that, on
the basis of petrography and whole-rock chemistry,
Hariri (1985) has inferred that the Zalm ultramafic
complex, which lies along the Nabitah fault zone
south of the Jabal al Qub area, was originally an
olivine-websterite cumulate.
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Figure 21—-Compositional (Ti-Zr) diagrams for rocks of the Bi'r Tuluhah area: (A) metabasalt and metatuff,
(B) amphibolite, (C) mafic dikes in serpentinite, (D) fine-grained diorite, and (E) Hulayfah group
volcanic rocks. Fields are defined by Pearce and Cann (1973) as follows: Ocean-floor basalts
(MORB), fields D and B; low-K tholeiites, fields A and B; calc-alkali basalts, fields C and B.
Rhylotic-compositions are encircled in Aand C.
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Figure 22--Zr-Ti-Y ternary diagrams for rocks of the Bi'r Tuluhah area: (A) metabasalt and metatuff, (b)
amphibolite, (C) mafic dikes in serpertinite, (D) fine-grained diorite, and (E) Hulayfah group volcanic
rocks. Fields are defined by Pearce and Cann (1973) as follows: oceanic-island basalts, field D;
ocean-floor basalts, field B: low-K tholeiites, fields A and B; calc-alkali basalts, fields C and B.
Rhyolitic compositions are encircled in A and C.
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Figure 23--Plot of Cr-value, 100 x Cr/ (Cr + A1), versus Fe-value, 100 x Fe* */ (Mg + Fe* *), for the
average compositions of primary spinel in 56 serpentinite samples from the Nabitah fault zone.
Fields derived from other investigations are indicated for reference: top, compositional range for
cumulate peridotite in continental layered intrusions (Irvine, 1967); bottom, compositional range for
abyssal peridotite (Dick and Bullen, 1984).
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REGIONAL SYNTHESIS

TERRANES

The area displayed in figure 2 contains
fragments of three geologically distinct terranes as
defined by Stoeser and Camp (1984). The Hijaz
terrane is located north of the Bi'r Umgq suture and
west of the Nabitah fault zone; the Asir terrane is
located south of the Bi’r Umq suture and west of
the Nabitah fault zone; and the Afif terrane is
located east of the Nabitah fault zone. Although
other geologic names have been applied to these
regions (see, for example, Johnson, 1983), this
terminology is adopted in this report because it has
become entrenched in the literature.

NaBITAH FAULTING

The remarkable convergence of data on the
Nabitah fault zone from the Bi’r Tuluhah, Wadi
Khadra, and Jabal al Qub areas allow some solid
conclusions and reasonable inferences to be made
about the tectonic evolution of the region (fig. 2).

In each of the three areas, the structure is
dominated by subvertical north-trending strands of
the Nabitah fault system. At Bi’r Tuluhah, the
Nabitah fault system is represented by a 7-km-wide
fault zone of juxtaposed tectonic slivers. At Wadi
Khadra, the fault system is represented by
anastomosing fauits in a 5-km-wide phyllonite zone.
At Jabal al Qub, the fault system is represented as
anastomosing faults that bound horsts of
serpentinite. In all three locations, the Nabitah fault
zone separates rocks with different metamorphic
histories. These observations support assertions
(Schmidt and others, 1978; Stoeser and Camp,
1984) that the Nabitah fault zone is a major crustal
break. Gonzalez (1974) and Caby (1983)
preted the Nabitah fault zone to be a strike-slip
feature. However, the concept that the Nabitah
zone was a relict of a subduction or obduction zone
has been more widely accepted by the geologic
community (Schmidt and others, 1978; Camp, 1984;
Stoeser and others, 1984; Stoeser and Camp, 1984;
Agar, 1985; Stacey and Agar, 1985; Pallister and
others, 1987). In this study, all structural data
support the interpretation of Gonzalez (1974) and
Caby (1983), and suggest that left-lateral strike-slip

42

motion occurred on the fault system. Steeply
plunging folds at Bi’r Tuluhah, Wadi Khadra, and
Jabal al Qub are spatially associated with the
Nabitah faults, suggesting strike-slip motion.
Left-lateral displacement is suggested by drag folds
on strands of the Nabitah fault system in these
areas and by the orientations and asymmetrical
folding of quartz veins in the Wadi Khadra
phyllonite.

AFIF TERRANE
Nabitah Volcanic Arc

The region immediately east of the Nabitah
fault zone| is underlain by a composite batholith of
granodiorjte, diorite, and tonalite. One zircon age
obtained from rocks of the Bi’r Tuluhah area
indicates that granodiorite to dioritic intrusive
activity occurred at 710 Ma. Motion on the Nabitah
fault system appears to have been coincident with
the intrusion of some of these rocks. At Bi'r
Tulubhah, dikes in serpentinite were deformed to
different degrees, suggesting emplacement during
the deformation of the serpentinite in the Nabitah
fault zone. Diorite and quartz-diorite intrusions at
Bi’r Tuluhah truncate some strands of the Nabitah
fault system, but are crosscut by other strands.
Metadiorite at Jabal al Qub and granodiorite at
Wadi Khadra have north-striking foliation and
protoclastic texture that may have formed by
intrusion during Nabitah faulting. The location and
volume of the batholith (fig. 2) suggest that a
major, north-trending calc-alkaline volcanic axis
was active east of the Nabitah fault zone and
contemporaneous with fault activity. This
hypothetical volcanic axis is named the Nabitah
volcanic arc in this report.

Rharab‘ Complex

Qub area, gabbroic and uitramafic cumulus rocks
of the Rharaba complex are interpreted to be
components of the batholith east of the Nabitah
fault zome. Analogy to cumulus gabbro and
peridotite complexes in western North America

03 the basis of relationships in the Jabal al



suggests that rocks of the Rharaba complex
crystallized as cumulates in magma chambers
beneath island-arc volcanic centers. According to
this theory, exposures of the Rharaba complex
should identify the paleo-axis of the Nabitah
volcanic arc.

Ophiolitic Rocks of the
Western Afif Terrane

Pre-batholithic rocks in this terrane are
mainly roof pendants and septa composed of
metamorphosed ophiolitic rocks. The Darb
Zubaydah ophiolite appears to be a virtually intact
model for these rocks. This ophiolitic section is
situated within the Nuqrah belt, which is an
exposure of volcanic and hiypabyssal rocks that is
essentially continuous from the ophiolite to the type
locality near Nugqrah (fig. 2). Mapping by Delfour
(1977, 1981) indicates that the same lithologies are
present along the belt, although an ophiolitic
section is apparently not preserved in most places.
Thus, the rocks are interpreted to be approximately
the same age. Compared to the rocks of the Darb
Zubaydah ophiolite, the ophiolitic rocks in the
Nabitah fault zone at Bi’r Tuluhah have similar
metamorphic grade, lithologies, and geochemistry,
suggesting that they were rifted from the ophiolitic
terrane during Nabitah faulting. On the basis of
petrologic similarities, the ophiolitic rocks at Wadi
Khadra are also interpreted to be part of the same
section; the occurrence of ophiolitic roof pendants
between the Wadi Khadra and Bi’r Nifazi areas
supports this inference and suggests that the
ophiolitic rocks may have once been a continuous
cover over the intervening batholith. The extreme
deformation and dismemberment of the ophiolitic
rocks in the Nabitah fault zone at Wadi Khadra
further supports the hypothesis that Nabitah
faulting disrupted and transported rocks from the
ophiolitic terrane. The age of this pre-batholithic
ophiolitic terrane appears to be approximately
800-850 Ma based on the radiometric age dates
obtained from rocks of the Nuqrah and Bi'r
Tuluhah areas.

The ophiolitic rocks appear to have formed
in an island-arc environment. Thick sections of
interbedded volcanoclastic rock, pillow basalt,
volcanic wacke, and lahar present in the Darb
Zubaydah ophiolite suggest that deposition of these
rocks occurred near a volcanic center. Major- and
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trace-element abundances in the Darb Zubaydah
volcanic rocks and fault-zone volcanic rocks at Bi'r
Tuluhah are similar to those found in volcanic
rocks from active island arcs in the western Pacific.
The compositions of spinels found in the serpen-
tinite are similar to those found in island arcs or
ophiolites with island-arc affinities. No evidence
was found for an ocean-ridge or back-arc-basin
origin for these rocks.

Amphibolite of the Western
Afif Terrane

Amphibolite crops out in roof pendants in
the batholith, often associated with serpentinite.
Serpentinized peridotite appears to have been
thrust from west to east over amphibolite in the
Jabal al Qub area. The same relation is suggested
by the association and outcrop patterns of
serpentinite and amphibolite in the Bi’r Tuluhah
area where amphibolite typically crops out along
the east side of serpentinite bodies. Indeed, this
relationship was recognized repeatedly during
reconnaissance of the peridotite massifs between
Bi’r Tuluhah and Wadi Khadra (fig. 2).
Observations such as the above have been
interpreted to indicate obduction of the
serpentinite protolith over the amphibolite
(Pallister and others, 1987).

Although the evidence suggests that the
serpentinite-amphibolite contact is tectonic,
obduction is not consistent with all the data.
Compared to obduction-related metamorphic
rocks, "amphibolite-grade” assemblages near the
Nabitah fault zone are significantly more extensive
and indicate lower metamorphic temperatures.
Malpas and Stevens (1979) observed that
obduction-related metamorphism is typically
confined to a narrow zone (<130 m) immediately
beneath an overthrust sheet of ultramafic rocks and
that the metamorphic grade in this zone ranges
from greenschist to almandine- and pyroxene-
amphibolite nearest the ultramafic rocks. In
contrast, amphibolite with a vertical foliation crops
out in a belt as much as 10 km wide in the Jabal al
Qub area, and the presence of scattered
amphibolite roof pendants to the north suggests
that it must have been an extensive component of
the pre-batholithic terrane. Near the Nabitah
faults, the maximum metamnorphic grade is epidote
amphibolite; the same metamorphic-mineral



assemblages are found in metamorphosed dikes in
the overlying serpentinite. The extent and grade of
metamorphism argue for a regional thermal event
rather than the contact-style metamorphism
associated with obduction. The metamorphism may
be related to early emplacement of the batholithic
rocks east of the Nabitah fault zone. The tectonic
significance of the serpentinite-amphibolite contact
is unclear; without additional work, it is impossible
to identify the mechanism as obduction or another
process, such as intra-arc thrusting or subduction.

Hijaz Terrane

In the Bi’r Tuluhah area, the Hijaz is
underlain by the Hulayfah group, which is
composed of volcanic wacke and volcanic rocks
ranging in composition from basalt to andesite. On
the basis of the presence of shallow-water and
subareal features and the compositions of the
volcanic rocks, Delfour (1981) suggested that the
Hulayfah group was deposited in an island-arc
environment. Khattan (1983) concluded that the
rocks of the Hulayfah group formed in an
environment analogous to a moderately mature
Cenozoic island arc. The present study indicates
that the Hulayfah group is less metamorphosed
than and geochemically distinct from nearby
volcanic rocks within the Nabitah fault zone and in
the Afif terrane. Available geochronologic data
suggests that the age of the Hulayfah group may be
about 740 Ma, or 50-100 m.y. younger than those
rocks. These observations should discourage
assignment of rocks from opposite sides of the
Nabitah fault zone to the Hulayfah group.

The Hijaz terrane in the Wadi Khadra area
is underlain by interbedded basalt and breccia
unlike any rocks of the Hulayfah group found in the
Bi’r Tuluhah area. These rocks may have been
deposited along the scarp of the Nabitah fault zone.

Asir Terrane

In the Jabal al Qub area, the Asir terrane is
underlain by interbedded basalt, andesite, rhyolite,
and volcanic wacke, which are intruded by an
815-Ma tonalite pluton. Geochemical data are not
available for these rocks, but their lithologic
associations suggest that they were formed in the
vicinity of an island arc. An age greater than 815
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Ma for the volcanic and sedimentary rocks is
significantly older than that of the volcanic rocks in
the Hijaz terrane to the north. Similar observations
constitute the basis for identification of the Bi'r
Umgq suture as a major plate boundary (Stoeser
and Camp, 1984; Pallister and others, 1987).

Bi’r Umq Suture

The Bi'r Umq suture (fig. 2) is the eastern
extension of the Port Sudan suture and one of the
major plaée boundaries of the Arabian Shield
(Camp, 1984; Stoeser and Camp, 1984). Its
intersection with the Nabitah fault zone is poorly
exposed. Based on similar zircon ages obtained
from plagiogranite at Bi’r Umq and Bi’r Tuluhah,
Pallister and others (1987) suggest that the
ophiolitic rocks found along the Nabitah suture and
north of the Bi’r Umq suture may be a continuation
of the Bi'r Umq suture that was rotated or
transposed into a northerly trend. It should be
noted, however, that there is evidence for left-
lateral strike-slip motion on the Nabitah fault zone
both to the north and south of the Bi’r Umq suture.
This suggests that the Nabitah fault zone is a
through-going structure with a consistent
palinspastic history. Furthermore, geochronologic
and geochemical data are also consistent with the
derivation of the ophiolitic rocks at Bi’r Tuluhah
from the Aff terrane. This does not rule out
tectonic transport of fragments from the Bi’r Umgq
suture, but it demonstrates that it is not necessary
to explain the age data. Also, structural relations at
Wadi Khadra demonstrate that deformation,
entrapment, and (presumably) transport of
fragments of the Afif terrane occurred along the
Nabitah fault zone. Based on these observations,
the Nabitah fault zone is believed to truncate the
Bi’r Umgq suture.

Offset of the Asir Terrane and the
Bi’r Umqg Suture

Structural evidence for left-lateral, strike-slip
motion on the Nabitah fault system is consistent
with the apparent offset of >800-Ma volcanic rocks
(fig. 2). At the latitude of Nuqrah and the Bi’r
Tuluhah area, the Nabitah fault zone juxtaposes
>800-Ma| volcanic rocks to the east against
<750-Ma |volcanic rocks to the west. On the west
side of the Nabitah fault, >800-Ma volcanic rocks



crop out south of the Bi'r Umgq suture. If the Afif
and Asir terranes were once a single terrane, their
age distributions could be explained by transport of
the Afif terrane northward relative to the Hijaz and
Asir terranes along the Nabitah fault zone. This
model suggests that the Bi’r Umgq suture may be
present in the Afif terrane, but it is offset to the
north. It is tempting to speculate that ultramafic

TECTONIC

Considerable attention has been devoted to
modeling the late Proterozoic tectonics of the
Arabian Shield in terms of modern plate tectonics.
With the exception of Caby (1983), however, no
attempt has been made to explain left-lateral,
strike-slip motion in the Nabitah fault zone. This
section attempts to construct a model for the
Arabian Shield as it may have appeared at the time
Nabitah faulting was active. Such efforts are
necessarily exercises in analogy. Consequently, the
tectonics of two regions in which strike-slip faulting
and calc-alkaline volcanism are presently active are
discussed. These are Sumatra and the Japanese
Islands north of Hokkaido. A third region,
California, is also discussed because its geology has
been well studied and, like the Arabian Shield, it
contains a fossil tectonic environment in which
strike-slip faulting appears to have played a major
role. To facilitate comparison, all maps are
presented at the same scale as figure 1, but the
maps of Sumatra and the northern Japanese
Islands have been rotated.

SUMATRA

The principal modern tectonic elements in
the region of Sumatra are illustrated in figure 24,
and the following description is abstracted from
Hamilton (1979) unless specifically referenced
otherwise.

The Indian plate is currently being
subducted obliquely beneath Sumatra. An
accretionary prism of highly deformed sedimentary
rocks rests on the Indian plate east of the Java
Trench (barbed line) and underlies the chain of
small islands off the west coast of Sumatra. These
islands, known as the Nias Islands, constitute a

45

rocks located at lat 27.5° N. and long 42° E. (fig. 1)
may be the northeastern expression of the Bi’r
Umgq suture. Another candidate (Pallister and
others, 1987) for the Bi'r Umq suture is the Raha
thrust fault: it trends northeast from lat 26° N. and
long 42° E,, and contains fragments of ultramafic
rocks, gabbro, and listwaenite (Johnson and
Williams, 1984).

MODEL

nonvolcanic forearc. A fore-arc basin, known as
the Mentawai Trough, is situated between the Nias
Islands and the Sumatran coast and is presently
accumulating turbiditic sediments shed from
Sumatra. Seismic-reflection profiles show that
deformation of these sediments increases
progressively toward the accretionary prism to the
west. Western Sumatra is bowed upward into a
geanticline upon which a narrow axis of active and
recently volcanoes has formed. The Central
Sumatran fault runs the length of Sumatra and is
coincident with this volcanic axis. The Central
Sumatran fault is an active, right-lateral, strike-slip
feature, and there is a general agreement that it
developed in response to oblique subduction of the
Indian Plate (Beck, 1983; Huchon and Le Pichon,
1984). The trace of the Central Sumatran fault is
locally obscured by Quaternary volcanic and
sedimentary deposits. However, near the projection
of the fault, Kastowo and Leo (1973) mapped
windows in Quaternary deposits underlain by
serpentinite and sheared serpentinite with mafic
boudins. Hamilton (1979) suggests that the
serpentinite may be a relict of an older subduction
complex, but an origin by tectonic emplacement
along a transform fault is also possible.

KURIL ARC

Kimura (1986) described the tectonics of the
Japanese Islands north of Hokkaido (fig. 24) and
concluded that many of the tectonic elements are
the direct result of oblique subduction of the Pacific
Plate. That author’s observations are as follows:
Chains of Quaternary volcanoes and volcanic
islands located north of Hokkaido constitute the
Kuril volcanic arc. These features, and large
anticlines and smaller folds on the islands of



Etoroph and Urup, are arranged en echelon; they
are oriented oblique to the Kuril Trench, but are
nearly perpendicular to the velocity vector of the
Pacific Plate. A nonvolcanic frontal arc (expressed
at sea level by a chain of tiny islands) is developed
to the east of the Kuril volcanic arc. A sediment-
filled fore-arc basin is situated between these two
arcs. A right-lateral strike-slip fault is located at the
boundary of the fore-arc basin and volcanic arc.
Bathynetric measurements indicate that northeast-
trending grabens are presently active in the fore-arc
basin. Magnetic anomalies located along the frontal
arc are thought to be serpentinite diapirs. En
echelon thrust faults are developed in northern
Hokkaido. Kimura (1986) concluded that (1) the
strike-slip faulting and orientation of the en
echelon volcanic chains and fold belts are the result
of oblique subduction, (2) diapiric rise of
serpentinite is due to strike-slip faulting, (3) the
development of grabens is due to tension in the
fore-arc basin developed during its movement
south, and (4) the thrust faults in Hokkaido re-
sulted from collision of this oblique system with the
Eurasian Plate.

CALIFORNIA

A simplified geologic map of California
showing Late Paleozoic to Early Cenozoic units
and major structures is illustrated in figure 25. The
Late Mesozoic Franciscan Melange Complex
(Ernst, 1965) crops out along the northern
California coast and is bordered to the east by
marine sedimentary rocks of the Knoxville
Formation (Hamilton, 1969). The boundary of
these units is the Coast Range Thrust Fault, a locus
of peridotite outcrops. The Knoxville Formation
was deposited at the base of the Great Valley
Sequence, a thick section of sedimentary rocks
deposited in the Great Valley of California. These
rocks range in age from Late Mesozoic to
recent (Hackel, 1966). East of the Great Valley are
the Late Mesozoic-Early Cenozoic granitic plutonic
rocks of the Southern California Batholith. Late
Paleozoic-Early Mesozoic ophiolitic rocks,
island-arc volcanic rocks, amphibolite, serpent-
inite-matrix melange, and turbiditic sedimentary
rocks crop out along the northwestern Sierra
Nevada, where they are intruded by the batholith
(Saleeby, 1982). These prebatholithic rocks are cut
by swarms of north-trending faults (the Foothills
Fault Zone). Exposures of ultramafic rock are
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abundant along these faults, which are strike-slip
structures (based on steeply plunging fold axes)
(Cebull, 1972).

Prebatholithic rocks in the northern Sierra
Nevada formed during three distinct episodes
(300-160 Ma) and involved the opening and closing
of small basins (Saleeby, 1982). During Late
Mesozoic to Early Cenozoic time, subduction off
the California coast resulted in formation of the
Franciscan Melange Complex (Ernst, 1965) in an
accretionary prism, the deposition of the Great
Valley Sequence in a fore-arc basin, and the
intrusion of the Sierra Nevada Batholith as the
plutonic core of an island arc (Hamilton, 1969).
Deposition of the Great Valley Sequence continued
for about 80 m.y. after cessation of Sierran plutonic
activity, which suggests that fore-arc basins are
long-lived features. Deformation of the pre-
batholithic rocks of the Sierra Nevada was inter-
preted in terms of transform tectonics resulting
from obliqte subduction, a theory supported by
paleomagnetic data, displaced faunal belts, and
melange development (Saleeby, 1983; Beck, 1983).

APPLICATION TO SAUDI ARABIA

A simplified geologic map of the Arabian
Shield modified from the lithostratigraphic
compilation of Johnson (1983) is presented in
figure 25. ‘Stoeser and Camp (1984) divide the
Arabian Shield into several terranes (or
microplates) that are bounded by suture zones. The
northwestern shield is underlain by the Midyan
terrane, ich is composed of island-arc rocks
ranging in age from 700 to 600 Ma. To the south,
the Midyan terrane is separated from the Hijaz
terrane by the Yanbu suture (Y). The Hijaz terrane
contains island-arc assemblages that range from
800 to 700 Ma in age. The Bi'r Umgq suture (B)
juxtaposes the Hijaz terrane with the Asir terrane
to the south. The Asir terrane contains island-arc
assemblages that range in age from >900 to 800
Ma in age. The Nabitah fault zone (N; Nabitah
suture of Stoeser and Camp, 1984) lies athwart the
Bi'r Umgq suture and forms the western boundary
of the Afif terrane. The Al Amar suture (A) forms
the eastern boundary of the Afif terrane, cast of
which are the Abt schist and, at the easternmost
projection| of the Shield, the Ar Rayn terrane.
Voluminous granitic rocks intrude all of these
terranes and left-lateral Najd faulting has offset the
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Figure 24--Maps illustrating the modern tectonic elements of Sumatra (Hamilton, 1979; Huchon and Le
Pichon, 1984) and Japan north of Hokkaido (Kimura, 1986). The scale of both maps is identical to
the scales of Figures 1 and 25. North has been rotated so that tectonic elements are approximately

parallel. Barbed lines represent deep water axis for Java Trench off Sumatra and Kurii Trench north
of Hokkaido.
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Figure 25-Maps illustrating analogous geologic and tectonic features in California (Bailey, 1966) and the
Arabian Shield. Both maps are featured at identical scale to Figures 1 and 24. Faults are shown
with heavy lines. California features: M, Melones Fault (part of the Foothills Fault Zone); C, Coast
Range Fault; Sf, South Fork Mountain Thrust; SA, San Andreas Fault; pattern 1, Franciscan
Formation: pattern 2, Great Valley Sequence; pattern 3, pre-Nevadan Paleozoic and Mesozoic
volcanic and sedimentary rocks; pattern 4, not used; pattern 5, batholithic rocks of primarily

Jurassic and Cretaceous age; pattern 6, ultramafic rocks.

rabian features: Y, Yanbu suture; B, Bi'r

Umg suture; N, Nabitah fault zone; A, Al Amar suture; pattern 1, Abt schist; pattern 2, Murdama
group; pattern 3, <800 Ma arc volcanic and sedimentary rocks; pattern 4, >800 Ma arc volcanic and
sedimentary rocks; pattern 5, plutonic rocks; pattern 6, ultrarﬁaﬁc rocks.

Nabitah fault zone and possibly the Al Amar Nabi
suture.

The present investigation of the northern
Nabitah fault zone found that strike-slip Nabitah
faulting may have been contemporaneous with
active arc volcanism on the Nabitah arc. The arc
axis is inferred to be approximated by exposures of
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the Rharaba complexes in figure 2. Stoeser and
Camp (1984) have emphasized the existence of a
belt of locally deformed granodioritic to tonalitic
rocks that parallels the Nabitah fault zone and
constitutes their "Nabitah Zone". We suggest that
the "Nabitah Zone" is the plutonic expression of the
Nabitah arc and that the Nabitah fault zone is a
transform} fault analogous to the Central Sumatra



Fault or the Foothills Fault Zone. Nabitah faulting
and volcanism were apparently active at about 710
Ma but must have occurred for some time before
and after this date. On the basis of isotopic age
dating of granitic rocks, Cole and Hedge (1986)
suggest that a magmatic arc was active in this
region between 700 to 670 Ma. An analogy to the
Sierra Nevada batholith, where calc-alkaline
plutonism was episodic between about 210 to about
80 Ma (Bateman and Wahrhaftig, 1966), would
suggest that a similarly long span of time may be
applicable to the Nabitah arc and fault zone.

The geology of Sumatra and California
suggest that a genetically related accretionary prism
should be found about 100-300 km from and
parallel to the Nabitah arc. There is no evidence of
the existence of such an accretionary prism west of
the Nabitah fault zone. However, Schmidt and
others (1978) have suggested that the Abt schist has
many of the structural and petrologic character-
istics of an accretionary prism. Significantly, the
Abt schist parallels the Nabitah fault zone and its
width is similar to that of the Franciscan Melange
and the accretionary prism south of Sumatra. The
distance from the Al Amar fault zone (the western
limit of the Abt schist) to the Nabitah arc is about
200-250 km, which compares favorably with the
separation of analogous features in California and
Sumatra. The ultramafic rocks that are present
along the Al Amar fault zone may be analogous to
ultramafic rocks found along the Coast Range
Thrust Fault in California.

The above hypothesis places the Nabitah
fault zone behind the Nabitah arc relative to the
proposed subduction zone. Although transform
faults typically appear to be developed in the
fore-arc region, there is some precedence for
back-arc transform faulting. Figure 24 illustrates
that the Central Sumatran Fault is locally situated
behind the active arc. Furthermore, the same plate-
boundary system may be traced northward into
Burma where the active, right-lateral Sittang Fault
is located behind the Cenozoic magmatic arc
relative to the trench (Hamilton, 1979). Perhaps
back-arc transform development, such as the
Nabitah fault zone, indicates the pre-existence of an
major crustal break.

Further analogy to Sumatra and California
suggests that a fore-arc basin may be present
between the Abt schist and the Nabitah arc. The
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Murdama group is presently in the appropriate
geographic setting and is described by Wallace and
Rowley (1984) as a thick sequence of interbedded
sandstone, conglomerate, and shale that is locally
interbedded with calc-alkaline volcanic rocks.
Wallace and Rowley (1984) interpret the
Murdama group to have formed near a volcanic
arc, possibly in a back-arc-basin deposit. A fore-arc
basin would be an equally appropriate location for
Murdama deposition. Deposition of the Murdama
group occurred between 670 and 655 Ma, but the
beginning of Murdama deposition is not constrained
and could have started earlier (Cole and Hedge,
1986). The range in ages relative to the proposed
Nabitah arc is similar to that of the Great Valley
Sequence as it relates to the Sierra Nevada Batho-
lith (that is, contemporaneous with plutonic activity
in time, but continuing for some time afterward).

Left-lateral, strike-slip motion on the
Nabitah fault zone suggests that subduction
involved an oblique component. If related
subduction was indeed located in the region of the
Abt schist, then the down-going plate was moving
to the northwest relative to the Afif terrane. The
model that emerges at this point suggests that the
tectonic features discussed thus far are the mirror
image of those in Sumatra, Japan, and California as
presented in figures 24 and 25. Compared to
published tectonic models, these speculations about
the tectonism of the eastern Arabian Shield most
closely resemble the conclusions of Schmidt and
others (1978) who postulated westward-dipping
subduction in the Al Amar region. However,
oblique convergence is required in order for the
present model to work.

Oblique subduction provides a model for the
formation of F; folds of the Nabitah fault zone.
Folding along gently dipping axes and stike-slip
faulting both appear be the result of oblique
subduction east of the Kuril arc (fig. 24; Kimura,
1979). This suggests that F; folding may have been
related to the stress regime that caused Nabitah
faulting. F, folding may have developed in zones
where compressive stress from oblique subduction
was not relieved by faulting; alternatively, it may
have developed prior to faulting. Propagation of
Nabitah faults and developing F, folds would
locally cut, overprint, and destroy F, folds, but F,
folds may have been preserved in fault blocks
interiors. A corollary of this hypothesis is that,
similar to the Kuril arc, F, fold axes were



perpendicular to the subducting plate’s velocity
vector. Based on the average orient-ation of F, at
Bi’r Tuluhah and Jabal al Qub, this suggests that a
subducting plate to the east was moving N. 30-45°
E. relative to the over-riding Afif terrane.

The northern Arabian Shield thrust faults
(fig. 1) may also be related to oblique subduction.
The orientation of these features relative to the
Nabitah fault zone and Nabitah arc is similar to
thrust faults near the coast of Hokkaido (fig. 24).
Northward motion of the Afif terrane may have
been impeded by collision with the Hijaz terrane
along the northeast projection of the Yanbu suture.

Oblique subduction may also explain the
orientation of Najd faults. The Najd faults
constitute a strikingly parallel system widly
distributed over a large area (figs. 1 & 25). These
faults commonly contain grabens of deformed
Jibalah-group sedimentary rocks (Delfour, 1977),
most abundant east of the Nabitah fault zone
(Johnson, 1983). It is tempting to speculate that the
Najd faults originally formed as normal faults like
those east of the Kuril arc of Japan (fig. 24) and

that the Jibalah-group rocks were deposited in the
analogous grabens. The orientation of the Najd
faults fits that theory if sinistral oblique subduction
exists in the Al Amar area. If a subsequent shift in
plate motions removed the oblique component
from subduction, Nabitah faulting would end and
the Najd ‘faults would be in the appropriate
orientationi to become left-lateral strike-slip faults.
Left-lateral motion on this fault system would
deform the Jibalah-group rocks and be driven by
the direct| collision postulated by Schmidt and
others (1978).

The |proposed tectonic model of the eastern
Arabian Shield does not explain large Murdama-
group grapitic intrusions and the Abt schist.
Granitic intrusions are absent or rare in fore-arc
basins and accretionary prisms. If the proposed
model is correct, a second subduction zone located
east of the exposed Shield may have been present,
accounting for these intrusions. Although this is
largely a "deus ex machina” solution, the presence
of abundant 670-620-Ma granitic intrusions in the
Ar Rayn terrane east of the Abt schist supports its
use in the tectonic model.

IMPLICATIONS FOR GOLD MINERALIZATION

NABITAH ZONE

It is clear from the previous discussion that
the Foothills Fault Zone of California is a potential
analog to the Nabitah fault zone. As California has
long been a major source of gold (Clark, 1966), a
comparison of the two features might enhance our
understanding of ore genesis in the central Arabian
Shield.

The Nabitah Zone of Stoeser and Camp
(1984) is recognized as a locus of auriferous quartz
veins, which were sites for ancient gold mining
(Smith and Johnson, 1986; Schmidt and others,
1978). A brief review of 14 sites (fig. 2) of early
gold workings in the Al Hissu and southeast
Nugrah areas of the Nabitah fault zone was
undertaken to help create a geologic model for use
in future gold exploration. Of these, sites 1
through 13 were sampled and described during
three weeks of field work in early winter, 1986.
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Area 14 i& described by Brosset and Conraux
(1978). The ancient gold workings at Al Obaid
(area 3), Jabal Zarabin (area 5), Sukhaybarat (area
7), Mawan (area 8), and Umm Zarib (area 9) were
first examined by Dirom (1946) and Schaffner
(1955). The workings in the Al Hissu area were
later visited and described by Duhamel and Petot
(1972), wh#rcas the workings in southeast Nuqrah
were described by Aguttes and Chaumont (1974).
Because of their small size and the low-lying terrain
in which the workings are located, they can be
easily overlooked from the ground. Also, the early
miners typically obliterated any traces of the
original material that was worked at the site,
leaving only the tailings and quartz debris thinly
scattered gver the surrounding area. A summary of
the geology of the sites is shown in table 1;
geochemical data is shown in table 2.

Nine of the gold sites examined for this
report are located in quartz diorite country rock




that is typically associated with granodiorite, or
granite dikes. Area 7 (MODS 405, Table 1) is
located in a granite stock, with the mineralization in
the surrounding Murdama-group rocks (Smith and
others, 1984). Areas 5, 8, 9, 11, and 12 (MODS 587,
397, 398, 4561, and 4559) are located within quartz
diorite, granodiorite, and diorite intrusions at the
western edge of the Murdama group (fig. 2). Areas
2, 6, and 10 (MODS 576, 295, and 392) are located
in similar intrusives in a belt of south-trending
assemblages of andesites and basalts 7-15 km wide
(Letalenet and Bounny, 1977). Area 1, Jabal
Jumaymah East (MODS 408), is located in
granodiorite country rock at the western edge of
the Murdama basin. Areas 3 and 4, Al Obaid and
Jabal Burhah East (MODS 579 and 588), are
in basalt country rock at the edge of the andesite
and basalt assemblage. Area 13 is in listwaenite
within the Nabitah fault zone, whereas area 14 is
located in a schistose granite (Letalenet, 1979).

Three of the sites visited during the course
of field work, areas 1, 7, and 8, (MODS 408, 405,
and 397), have been studied extensively (Smith and
others, 1984). Drilling results for Sukhaybarat al
Gharbiyah, area 7 (MODS 405), indicate a reserve
of 1,636 kg of gold (Smith and others, 1984). The
results of drill-hole testing at Jabal Mawan, area 8
(MODS 397), show that the quartz veins in the area
extend 30 m in depth, with no estimate of tonnage
given (Aguttes and Chaumont, 1974). However,
later calculations indicate that 5,475 kg of gold may
be contained in the prospect (Smith and others,
1984). The small amount of mine debris found
around the other workings indicates that most of
the sites are too localized in area to be of great
interest. An exception is area 9, Um Zarib (MODS
398), which is listed by Riofinex as having 1,458 kg
of probable gold (Boyle and others, 1984). Area
13, located in the listwaenite, is of considerable
interest as it contains ultramafic rocks, with no
intrusives in the immediate vicinity and is the only
such site that was visited. It is becoming
increasingly clear that listwaenite can be a host rock
for gold mineralization (Buisson and Leblanc,
1985). In fact, in the area of Bi’'r Tawilah, just east
of area 13, percussion drilling has revealed gold
reserves of 97,500 tons with an average grade of
28.5 g/t (Smith and others, 1984) in a listwaenite
host rock.

Although ancient mining activity resulted in
the removal of much of the original mineralized
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rocks from the zones visited, some observations can
still be made. The ancient workings fell into 3
major groups of orientations: N. 5-50° E., N. 65-85°
W., and N. 10-30° W. These trends may indicate the
orientation of the mineralization, since the work-
ings would presumably follow the auriferous veins
along strike. The northeast trend parallels the
Nabitah fault zone and is the oldest. It is commonly
cross-cut and offset in a left-lateral direction by
quartz veins or dikes that trend west to northwest
along the Najd fault system. These in turn are cut
by veins and northwest-aligned dikes, which is
evidently the youngest orientation. Economically,
the northeast orientation appears to be the most
important as 9 of the 13 sites examined had
workings that followed this alignment. Iron-stained
quartz veins parallel this orientation at 8 of the 13
sites. The gold is probably concentrated in quartz
veins structurally controlled by northeast-trending
faults and foliations. At Sukhaybarat ash Shargiyah
(MODS 406), east of area 7, drilling revealed a
zone of mineralization of 2.8 million t at 3.12 g/t
gold with extensions localized to the northeast
(Clegg, 1985). At Jabal Mawan Southwest (area 8,
MODS 397), the potential for inferred reserves of
gold is more than three times that of the other sites
listed (Smith and others, 1984); orientation here is
also to the northeast. The west-northwest-oriented
system has fewer and smaller workings; only three
sites (areas 1, 7, and 9) had any major ancient
workings with this orientation. Only Jabal Jumayah
East (arca 1) had workings associated with the
west-northwest orientation; two other areas (5 and
6) were apparently prospected by ancient miners
and found to be barren.

FootHILLS FAuLT ZONE AND
THE MOTHER LobpE DisTRICT

The Sierra Nevada province has long been a
major source of gold in California (Clark, 1966).
The main mineral belt, the Mother Lode, is a
narrow 2-6-km-wide zone of auriferous quartz veins
with a strike length of 180 km (Koschmann and
Bergendahl, 1968). However, gold mineralization is
more widely dispersed and can be 8-25 km from the
main belt of lode mineralization (Koschmann and
Bergendahl, 1968; see also fig. 26).

The gold-bearing region of the Mother Lode
consists of two Paleozoic complexes, the Shoo Fly



and the Calaveras, and a zone of predominantly
Mesozoic metavolcanic and metasedimentary rocks
of island-arc affinity (Bohlke and Kistler, 1986).
East of the Shoo Fly Complex are a series of late
Jurassic and early Cretaceous plutons forming a
northwest zone of intrusives, and early or middle
Cretaceous plutons that form the core of the Sierra
Nevada batholith and intersect the island-arc rocks
m the south (Bohlke and Kistler, 1986). To the west
of the island-arc rocks are sedimentary rocks of the
Great Valley Sequence, within which are scattered
granitic, gabbroic, and ultramafic rocks related to
the island-arc rocks (Schweickert and Cowan,
1975). The Shoo Fly Complex is composed of
continent-derived sandstone, siltstone, and shale.
The Calaveras Complex is composed of oceanic
and(or) island-arc-derived chert, argillite, and
mafic-intermediate volcanic rocks (Bohlke and
Kistler, 1986).

The island-arc rocks are separated from the
Shoo Fly and Calaveras complexes by the major
system of faults known as the Melones fault zone
(Schweickert and Cowan, 1975). This narrow,
northwest- to northeast-trending fault zone is the
site of the major lode-gold mineralization (fig. 26).
The zomne itself is only 2-6 km wide; the very
narrowness of the zone is important, as a similar
zone of mineralization could be easily overlooked.
Flanking the west side of the fault zone is a belt of
ultramafic rocks. The gold-bearing quartz veins are
commonly associated with the serpentine, although
they are not found in the serpentine itself (Wisker,
1936). In some places, the most important control
on gold mineralization is proximity to serpentinite
(Cooke, 1947). The presence of carbonate and talc
or mariposite is also a major control. Carbonate-
rich areas have gold concentrations associated with
them because the gold selectively replaced the
carbonate in those areas affected by hydrothermal
solutions (Cooke, 1947). The mariposite apparently
formed from the solutions that reacted with
chromite m the serpentinite. These solutions must
have circulated through channels opened by
fracturing of the country rocks. Other than
proximity to serpentinite, the chemical composition
of the country rocks does not limit or define the
zones of high-grade gold mineralization (Johnston,
1940). There appear to be no discernable trends
near high-grade ore zones and the change from
barren to high-grade zones is abrupt; for this
reason, assaying is not very useful as a prospecting
method (Cooke, 1947).
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The most significant orientation of the
gold-bearing quartz veins is from north to
northwest, following the strike of the minor fault
zones paralleling the Melones fault zone (Coveny,
1981; Bohlke and Kistler, 1986). Two more
orientations of gold mineralization are
west-southwest to west-northwest (Wisker, 1936;
Coveney, 1981). These quartz veins are smaller and
more numerous. Quartz veins along the north-
northwest alignment are associated with
cross-cutting fault zones (Coveney, 1981). The third
mineralization orientation is to the northeast
(Logan, 1941), but it appears to be uncommon.
Although 'it is barren of mineralization, this
alignment| is economically important because
structural features along this strike tend to change
the width and concentration of the vein quartz and
gold (Johnston, 1940). These orientations are
mirror images of the alignments reflected by the
orientations of gold workings in Saudi Arabia
relative to|the Nabitah fault zone.

The Mother Lode’s gold-bearing quartz
veins are large, tabular, milky, and contam only
minor sulphide staining (Koschmann and Berg-
endahl, 1968). In the Grass Valley district (fig. 26),
sulfide-poor quartz veins are typically sheared and
show a shear-banding structure (Johnston, 1940).
The massive quartz veins of the area seldom have
gold in them (Johnston, 1940). Pyrite, galena and
sphalerite are commonly gold bearing, and galena
in particular is regarded as a favorable indicator
(Johnston, 1940). Although visible gold was
once the main indicator for economic gold mineral-
ization, it is rarely found today (Johnston, 1940).

The gold deposits of the Mother Lode have
been classified as mesothermal in origin based on
high gold-silver ratios (1-10), high CO, contents in
the fluid inclusions, a homogenization temperature
of 250-350° C, and an intermediate pH alteration
zone (Nesbitt and others, 1986). The alteration
products associated with the Mother Lode are (1)
carbonatization, (2) silicification, and (3)
sericitization. Also, pyrite, mariposite, albite,
chlorite, talc, and graphite are formed (Nesbitt and
others, 1986). Stable isotopic data also mdicate a
mesothermal origin for the Mother Lode gold
deposits and suggests that the waters mvolved were
originally meteoric but were modified isotopically
during deep crustal circulation (Nesbitt and others,
1986).
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The heat source that drove water circulation
in the Mother Lode may have been the Sierra
Nevadan plutons. The flow of water may have been
channeled by the serpentinite, which acted as
impermeable barriers. This could explain the
spatial association of gold-bearing veins and
serpentinite. The gold mineralization in the Sierra
Nevada is associated with fault zonmes that dip
steeply to the east; this orientation would have
allowed fluids to migrate upward from a great
depth (Bohlke and Kistler, 1986). In contrast,
shallow-dipping faults are barren of mineralization.
These observations suggest that fault orientation
could be significant in controlling mineralization
along the Nabitah fault zone.

At this time, there is no agreement as to the
ultimate source of the gold in the Mother Lode
deposits. If the gold was derived from rocks of the
Shoo Fly or Calaveras complexes then the
probability of finding Mother Lode-type deposits
along the Nabitah fault zone is diminished because
there are no analogous formations nearby.
However, if the gold was derived from the
island-arc assemblages or the sub-Sierran mantle,
then the chances of finding Mother Lode-type
deposits along the Nabitah fault zone are better.

CONCLUSIONS

In both the Mother Lode district and the
central Arabian Shield, the known gold deposits are
commonly associated with granite plutons, or
granodiorite intrusions (figs. 2 and 26). However, in
the Mother Lode district, the major locus of
lode-gold deposits is associated with the Melones
fault zone and serpentine bodies. In the central
Arabian Shield, the analogous setting is the
Nabitah fault zone with its associated ultramafic
rocks. This area is still relatively unexplored.
Considering that the width of the main lode-gold-

bearing zone in the Mother Lode district is only 2-6
km, it is possible that a mineralized zone of
comparable size may have been overlooked along
the Nabitah fault zone.

In the Mother Lode, the major auriferous
quartz veins are milky and contain only minor
sulphide. 'The massive quartz veins have little gold
in them, but the quartz veins that are milky and
have shear-bandings are the most likely to have
high-grade gold ore. Because of the abrupt changes
in grade from barren quartz to high-grade gold-
bearing quartz (which appear in hand specimen to
be the same), straightforward prospecting methods
are not highly successful (Cooke, 1947). In Saudi
Arabia, qu veins that have sulphide stainings on
them have been examined closely, but less has been
done to investigate sulfide-poor quartz veins found
along the Nabitah fault zone. In view of this, the
following recommendations are made:

1. A préliminary study should be instituted to
sample quartz veins near the Nabitah fault
zone, focusing on areas of serpentinization
and carbonate replacement.

mineralization, but located near zones of
carbonate, should be sampled to determine
the extent of gold enrichment.

2. Shea'E)d quartz veins, with little sulfide

3. Quartz veins trending N-N50E should be given
priority over those trending east-west or
northwest. Areas of cross-cutting quartz
veins trending east-west or northwest should
be examined as well.

4. Reconnaissance fluid-inclusion and
stable-isotopic work should be carried out to
determine if a mesothermal zone is in fact

iated with the Nabitah fault zone.

DATA STORA?E

Field and laboratory data for this report,
including petrographic descriptions, sample sites,
and results of chemical analyses, are stored in
Data-File USGS-DF-09-6 in the Jeddah office of
the U.S. Geological Survey Saudi Arabian Mission.
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One new file (MODS 4562) was added to the
Mineral| Occurrence Documentation System
(MODS) data bank for the gold occurrence and
Jabal al |Qub. File MODS 4560 was added to the
MODS data bank for the Jabal Mardah gossans.
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This study was performed in accordance with a co.opcrat.ivc agreement
between the U.S. Geological Survey (USGS) and the Saudi Arabian Ministry of

Petroleum and Mineral Resources ™
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Area #|
(MODS) |

Table 1.—-Characteristics of ancient gold mines in the vicinity of the
Nabitah fault zone.

Name (from BRGM) |
and location

Jabal Jumaymah
East (PC9)
25 187 40" N

I
I
I
I
|
|
I
|
I
|
I
I
|
I
|
I
I
|
I
I
|
I
I
Al Naysah South |
(RM19) [
26 32014" N |
41 46738" E |
|

I

|

I

I

I

|

I

|

I

|

|

I

I

I

|

I

|

I

|

!

|

Al Obaid
(RM22)

24 33'32" N

41 48'05" E

Geologic
setting

Country rock: grano-
diorite with small

intrusions of granite.

Workings: parallel to
and cross-cutting
parallel diabase
dikes.

Dike Attitudes: north-

south strike, 80 west
dip.

Mineralization: quartz|

veins with pyrite and
galena. Milky-white
quartz veins.

Attitude:
N16E, 87u.
Fe-stained quartz,
N8OW, 88S.

Country rock: folia-
ted (N4OE, 78W) qtz
diorite.

Workings: parallel to
and cross-cutting
granodiorite dikes,
near a rhyolite dike.
Dike Attitude: N4OE,
84E, for both types.

Barren qtz,

Mineralization: Quartz|

veins with pyrite,
Fe-stained.

Attitude: quartz vein-

NGOE, 78W.

Country rock: foliated|

(N20E, 84W) basalt.
Workings: within the

basalt; no major dikes|

in the area.
Mineralization: small
quartz veins parallel
to basalt foliation.
Attitude: quartz are
N20E, 84M.

Mine description
and status |

Three sets of small,
elongated, shallow,
filled-in pits
located between two
diabase dikes.

Trend: western pits -
aligned along N8OW
for 40 meters.
eastern pits -
aligned along N?OE
for 50 meters.
Tailings: quart
with galena, pyri
and sphalerite.
Visible gold.

Status: Occurrence

Shallow, filled-in
pits 250 meters east
of a small trench.
Trend: trench - N4OE,
100 meters long.

Pits - aligned along
N20W for 65 meters.

Tailings: quartz with|

some pyrite blebs.
Visible gold.
Status: Prospect

Numerous small,
shallow, fill
pits.

Trend: pits aligned
N-S for 2000 méters.
Tailings: finely
crushed quartz with
visible gold.

-in

Status: Occurrence

56

Two backhoe
trenches
crosscutting
dikes.

Western trench
composite sam-
ples: 221724 -
740.

Eastern trench
composite sam-
ples: 221741 -
749.

3 grab samples
from tailings:
221532 - 534.

16 grab and
rock chip
samples:

Grab: 221515,
517, 522, 537,
538, 541, 545.
Chip: 221514,
516, 520, 521,
539, 540, 542,

543, 544.
221558 - pan
sample, with

visible gold.

Three rock
chip samples:
221518-quartz

float
221519-basalt
221546-basalt
221559-pan sam-
ple with visi-
ble gold.

| Chemical |
| results |
I
I

| up to 12 ppm Au
| in qtz tailings;
| <1 ppm in dike

| rock.

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

| 0.3 - 4 ppm Au

| in qtz outcrop.
| nit in the dikes.
| 31 ppm Au in qtz
| tailings.

I
|
!
|
|
I
I
I
I
I
I
I
I
I
I
I
I

1 ppm Au in qtz |
float.
nil in basalt.



Table 1.-Characteristics of ancient gold mines...(continued)

(587)

295)

Name (from BRGM) |
and location |

|
Jabal Burhah

East (DV54) |
24 45'00" N
41 5320 €

Jabal Zarabin
South

24 45712" N

41 53/09" E

Jabal Umenupta
24 20700 N

|
I
I
I
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|
I
I
|
I
|
I
I
I
I
I
41 42'25% E |
I
I
I
I
|
I
I
I
I
I

Geologic
setting

| Country rock: unfolia-

ted basalt.

Workings: cross-cut-
ting small diabase

dikes.

Dike Attitude: N30W,

67E.

Mineralization: milky-
white quartz veins

with Fe-staining
on contacts with
dikes.

Attitude: qtz veins,

N20E, 78W.

Country rock: foliated
(N50W, 84W) quartz

diorite.

Workings: along con-
tact of large quartz
vein within quartz

diorite.

Mineralization: milky-
white quartz with no

alteration or Fe-
staining.

Attitude: quartz vein-|

N10W, 78E.

Country rock: foliated|

(N 8E, 76E) quartz

diorite.

Workings: along con-
tact of diabase dike.
Dike Attitude: strike

N&OW, 784.

Mineralization: no
apparent mineraliza-

tion.

Mine description
and status

Three, small, shallow|

sets of pits.

Trend: aligned NSOE

150 meters.

Tailings: milky-white|

quartz with no

apparent mineraliza-

tion.

Status: Occurrence

One set of small

pits, probable pros-

pecting pits.

Trend: pits aligned
along N30W for 100

meters.
Tailings: none.

Status: Occurrence

One elongated trench,| 221547-quartz
now filled-in, and

quartz debris.
Probable prospect
pit.

Trend: trench - N30W,

for 75 meters.
Tailings: no mine

tailings, barren qtz

Status: Occurrence

57

Four rock chip |
samples: |
221556-quartz |
221585-dike |

float |
221586-basalt |
221587-andesite|

dike |

221557-pan sam- |
ple with visi-|
ble gold.

Three rock
chip samples: |
221590-andes i te|

dike |
221591-quartz |
221592-basalt |
221593-pan sam- |
ple with visi-|
ble gold.

Chemical

No geochem
assays.

No geochem
assays.

<0.1 ppm Au.



(897)

Table 1.—Characteristics of ancient gold mines...(continued)

Name (from BRGM)|

and location

Zukhaybarat al
Gharbiyah

25 2715 N

41 57'15" E

Jabal Mawan
Southwest
25 08/00" N
41 39/30" E

Geologic |
setting |
|

Country rock: unfolia-|
ted quartz diorite, |
containing foliated |
(N84W, 78W) granite |
roof pendants and cut |
by younger, unfoliated|
granite dikes.
Workings: pits cross- |
cutting granite dikes. |
Dike Attitudes: strike|
N83W, 84M. |
Mineralization: quartz|
along contacts of gra-|
nite dikes. |
Pyrite and galena in |
quartz, with visible |

gold. |
Attitude: quartz veins|
N26W, 80M. |

Country rock: unfolia-
ted quartz diorite.
Workings: pits paral-
lel diabase dike.
Dike Attitude: N10E,
84M.

Mineralization: no
quartz veins observed.

Mine description
and status

One set of pits.
Trend: pits ali
along N8OW for 100
meters.

Tailings: mixed gra-
nite and quartz con-
taining pyrite,
galena and visilJle
gold. 1

Status: Prospect

Numerous shallow,
filled-in pits.
Trend: pits aligned
along N10E for 400
meters.

Tailings: quartz,
with pyrite and 'visi-
ble gold.

Status: Prospect

58

Sample Chemical
numbers results
Five rock 0.5 ppm Au

in granite dike.
nil in quartz

chip samples:
221548-diorite

221560-diabase
dike
221561-quartz
float
221562-quartz
float
221563-pan sam- |
ple with visi-|
ble gold.

|
I
|
|
I
|
I
221549-quartz | diorite 25 ppm
and gold | Au in mine
221550-quartz | tailings.
and pyrite |
221551-quartz |
and pyrite |
221552-granite |
dike |
I
I
I
|
|
|
I
|
|
|
Three rock | No geochem
chip samples: | assays.
|
l
|
|
I
l



Table 1.--Characteristics of ancient gold mines...(continued)

Area #|
(MODS) |

10
(392)

Umm Zarib
(Al Amirah)
25 07/36" N
41 41748 E

Jabal Thuban
North (RM14)
25 08700" N

Geologic
setting

|

I

I

|
Country rock: quartz |
diorite, with smallt |
granodiorite and |
gabrro dikes. |
Workings: cross-cut- |
ting granodiorite |
dikes. |
Dike Attitude: grano- |
diorite, N10E, 84W. |
Mineratization: quartz|
veins east of workings|
containing pyrite and |
possible visible gold |
along contact of |
quartz diorite. |
Attitude: quartz |
veins, N6OE, 83W. |
Attitude: quartz veins|
N26W, 80W. I

Country rock: foliated|
(N20E, 84E) quartz |
diorite intruded by |
gabbro dikes and later|
andesite dikes.
Workings: parallel to |
and cross-cutting |
gabbro dikes, near |
andesite dike. |
Dike Attitude: N1OW, |
84W for earlier gabbro|
dikes, NS55E, 80W for |
later andesite dikes. |
Mineralization: quartz|
veins containing epi- |
dote and Fe-stains.
Attitude: quartz

veins, N20E, 80W.

Mine description
and status

Two parallel, aligned
filled-in trenches,
separated by 100
meters.

Trend: N85W for 500
meters.

Tailings: milky-white
quartz, with no Fe-
staining.

Status: Prospect

One small, shallow,
filled-in, trench.
Trend: aligned N55E
for 25 meters.
Tailings: quartz and
epidote.

Status: Prospect

59

I

I

I

I
Three rock |
chip samples: |
221564-quartz |
diorite |
221565-quartz |
tailings |
221566-gabbro |
dike |
221567-pan sam- |
ple with visi-|
ble gold.

Six rock
chip samples:
221594 -gabbro
dike
221595-quartz
diorite |
221596-andesite|
dike |
221597-quartz |
tailing |
221598-gabbro
dike
221599-quartz
and epidote

Chemical

(BRGM reports
6 ppm Au average)

quartz with 3.2
ppm Au.



Table 1.--Characteristics of ancient gold ndines...(continued)

Area #|
(MODS) |

12

I
|
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
(4559) |
I
I
I
I
I
I
I
I
I
I
I
I

and location

Jabal Jumayah
Central

25 16740" N

41 40700" E

Jabal Jumayah
Mid East

25 17/00" N

41 38/56" E

Name (from BRGM) |

Geologic
setting

I

I

I

I

Country rock: quartz |
diorite, cut by dia- |
base dikes. |
Workings: sub-parallel|
to dikes. |
Dike Attitudes: NSE, |
80W. |
Mineralization: small |
quartz veins without |
obvious sulphides. |
Attitudes: quartz |
veins, N70W, 84W. |
I

I

I

I

I

I

!

Country rock: quartz
diorite, cut by gabbro|
dike.
Workings: parallel to |
gabbro dike. |
Dike Attitude: N5E,
78E.

Mineralization: no

|

|

I
mineralization |
observed. |
I

I

|

I

N10E, for 25

Mine description
and status

............... e

Several shallow pits. |

Trend: aligned|along |

ters. |

Tailings: quartz with|

Fe-staining a

Status: Occurrence

shallow, filled-in
trench.
Trend: N5E, for 25

meters.
Tailings: quartz with

pyrite and chalco-
pyrite.

Status: Occurrénce

60

pos- |
sible native silver.

I
I
I
I
Eight rock |
chip samples: |
221568-quartz |
221569-quartz |
diorite |
221570-contact |
with dike |
221571-diabase |
dike |
221572-contact |
with dike |
221573-quartz |
and gold |
221574-quartz |
and galena|
221575-quartz |
and galena|

I

Five rock chip |
samples: |
221576-gabbro |
dike |
221577-granite |
dike |
221578-gabbro |
dike |
221579-quartz |
diorite |
221589-quartz |
and pyrite |

I

I

Chemical
results

quartz diorite:
nil.

quartz diorite:
nil.



Table 1.—Characteristics of ancient gold mines...{continued)

.............................................................................................................

Area #|
(MoDS) |

13
(4562)

14
(910)
915)
(916)
97
(918)
(919)
(920)
(2106) |
107) |

Name (from BRGM)
and location

Jabal al Qub
23 50738" N
41 47742" E

Jabal al Hibr
9 different sites
23 40'00" -
23 45700" N
42 05'00" -
42 10/00" E

Geologic
setting

I
|
I
|
Country rock: serpen- |
tinite cut by tabular |
zones of listwaenite |
up to 50 meters wide |
and 100 meters long. |
Quartz zones invade |
and paratlel listwae- |
I

nite zones.

Workings: quartz veins|
in listwaenite. |
Attitudes: listwaenite}
and quartz veins; |
N10W.

Mineralization: Fe-
stained quartz con-
taining galena.

granite, and gneiss,
with small enclaves

of metamorphosed
mafic rocks.
Mineralization: quartz
veins with some sul-
phides.

Attitudes: N4OE to
N60E, with secondary

|
I
I
|
|
|
|
|
|
|
|
Country rock: biotite |
|
|
I
|
|
|
|
|
|
trend of N30W. |
|

Mine description
and status

......................

Three small, shallow | Eight rock
pits and two shallow | chip, five

trenches up to 50
meters long.
Trend: N10W
Tailings: quartz

Status: Occurrence

Nine quartz veins
worked; mainly
shallow, filled-in
surface trenches.
Trend: follows the
strike of the quartz,
N4OE to N6OE.

Status: Occurrences

................

grab samples:
Rock:
221704-serp.
221705- List.
221706-1ist.
221707-quartz
221708-list.
221709-List.
221710-list.
221711-serp.
Grab: |
221713-quartz|
221714-quartz|
221715-quartz|
221716-quartz|
21717-1ist. |
221716-pan sam- |
ple with visi-|
ble gold.

None

Chemical
results

up to 0.36 ppm
Au and 340 ppm
Ag in the quartz.

BRGM reports
wide differences
in Au values in
area.

High-37 ppm of
Au.
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Table 2.—Au-Ag geochemical values in ppm/ppb for selected
samples from ancient mines of the Nabitah fault zone.

| Field | Rock __Au____ | Ag Au/Ag
Area | No. | type* | ppm  ppb | ppm Ratio
----------------- |---_----|.------ cecocmcensnn|evcncan|encccnnna
No. 1 | |
Jabal Jumaymah | |
(float) | 221532 | @R 8.4 10 0.84
(float) | 221533 | @R 1.64 4 0.41
(float) 221534 | OR 12 R 1.20
| I
| 221722 | AN - 38 | 0.1 0.38
221724 | AN 0.15 0.4 0.38
221725 | AN | 0.56 2.23 0.25
221726 | AN 0.15 ' 0.10 1.50
221727 | ®R 0.60 1.0 | 0.60
| 221728 | @R | 0.90 45 | 0.20
221729 | @R 0.70 0.90 | 0.78
221731 | R 0.10 | 0.14] o7
221732 | OR 43 | 0.10 | 0.43
| 221733 | DR 71 | 0.13] 0.55
221734 | DR 41 0.10 | 0.4
221735 | DR 5 0.10 | 0.52
| 221736 | DR | 52 0.12 | 0.43
221737 | DR 0.10 0.16 | 0.63
221738 | DR 0.10 0.10 | 1.00
221739 | DR 0.15 0.12 | 1.25
221740 | DR 0.12 0.10 | 1.20
221741 | GR 63 0.10 | 0.63
221742 | GR 44 0.10 | 0.37
| 221743 | R | 4 | 0.12| o0.38
| 221746 | AN | 57 | 0.15 ] 0.38
| 221745 | AN | 68 0.15 | 0.45
| 221746 | R | 5 0.10 | 0.05
| 221747 | AN | 16 0.10 | 0.16
| 221748 | GR | 47 0.13 | 0.36
| 221749 | R | 54 0.17 | 0.32
I I I I I
No. 2 I I | I I
Al Naysah South | | | ] |
| 221514 | @R | 180 | 0.40 | 0.45
(float) | 221515 | @R | 4 | 0.20 | 20.00
| 221516 | DR | 92 | 0.10 0.92
(float) | 221517 | @R | 8 | 1.50 5.30
| 221526 | RY | 24 | 0.10 0.24
| 221521 | e | 21 | o.10 0.27
| 221514 | @R | 180 | 0.40 | 0.45
(float) | 221515 | @R | 4 .1 0.20 | 20.00
| 221516 | DR | 92 | 0.10 0.92
(float) | 221517 | @R | 8 "] 1.50 | 5.30
| 221520 | RY | 26 | 0.10 | o0.24
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Table 2.--Au-Ag geochemical values in ppm/ppb...(continued)

| Field | Rock | ___ _Au__ | Ag | Au/Ag
Area No. type* | ppm  ppb | ppm | Ratio
............................................ Y
No. 2 I I I I
Al Naysah South | |
221521 | & | 27 | 0.10| o0.27
(float) 221522 | @R 31.5 3.70 8.51
(float) 221538 QR 7.30 0.80 9.13
221539 | @D 16 0.12 0.13
(float) 221540 | 6@ | 7 | 0.20| 0.06 |
| 221541 | @R | 19.5 4.00 4.88 |
221542 GD 68 0.14 0.49
221543 RY 80 0.12 0.67
221544 QR 0.30 1.20 0.25
(float) 221545 | QR 7.00 0.70 10.00
No. 3 | | | |
Al Obaid [ I [
| 221546 | BA | 18 | 0.20 | 0.09 |
No. 6
Jabal Umenupta
221547 QR 48 1.7 0.03
No. 7 | | | | |
Sukhaybarat
Al Gharbiyah
221548 | DR 23 | 0.12 0.19
221550 | @R 25.00 1" 2.27
221551 QR 1.06 0.70 1.50
221552 | @R 0.50 0.15 3.33
No. 10 | | | | |
Jabal Thuban | | | | |
| 221598 | 6B | 29 | o0.10 0.20
| 221701 | &R | 3.20 | 0.10 | 32.00
No. 11| | | | | |
Jabal Jumayah | | |
Central | | |
| 221570 | DR | 6 | - 0.06
No. 12 | | | | | |
Jabal Jumayah | | | | | |
Mid East | | | | | |
| 221579 | bR | % | 0.10 | 0.14 |
* QR - quartz GD - granodiorite BA - basalt |
AN - andesite RY - rhyolite GR - granite |
DR - diorite GB - gabbro |
I

Analysis by atomic absorption
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APPENDIX A1.--Major- and trace-element abundances in volcanic rocks from the Darb Zubaydah ophiolite.

[bdl, below detection limit; -—, not determined]

..........................................................................................................................

110

100

240

310

120

610

4 5
221241 221242
Analyses in weight percent
4.2 3.8
1.8 1.9
15.6 17.2
66.1 66.1
3.7 3.3
2.2 2.8

.8 .6
.1 1
4.8 3.7
.2 A
99.4 9.6
Analyses in parts per million
86 65
70 78
310 190
37 15
200 150
7 7
39 20
39 17
930 1050
86 63
12 13
221254 221255
Analyses in weight percent
5.5 1.1
3.9 1.8
17.3 11.8
52.9 74.6
.5 5.6
7.8 3.0
.9 .1
.2 bdl
10.0 2.4
.2 .1
99.3 100.5
Analyses in parts per million
110 92
22 180
470 220
18 26
94 190
8 6
38 31
8 31
590 1200
49 63
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260

150
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APPENDIX A1.—Major- and trace-element abundances iin volcanic rocks—(Continued).

..........................................................................................................................

Entry 17 18 19 20 2 22 3 2%
Sample No. 221259 1263 . 221265 . 221266 . 221268 21269 . e 221283
________________________________________ Analyses in weight percent
N2,0 2.9 e T 5T 2.3 T A 3.6 T we T 5.6
MgO0 4.2 7.3 3.3 4.5 3,9 2.9 3.0 4.3
ALy 17.7 16.6 16.1 13.2 16.1 15.3 18.1 18.2
$i0, 55.9 8.4 6.5 8.4 48,0 4.0 6.6 9.4
K0 2 1 bdl R \2 2 2 2
ca0 9.7 12.2 20.3 16.3 16,0 20.1 17.2 10.6
Tio, 8 1.7 1.4 2.2 1,5 1.8 1.6 1.4
MRO bdl R 2 .3 2 2 2 2
FeO 8.1 11.8 1.7 1.4 9.5 11.0 7.6 9.2
P,05 1 .2 1 3 W2 2 2 1
Total . 9.5 .. 1000 ... 9.9 L 9.2 . 4 LA 99 e, 993 . 9.2
.................................................... Analyses in parts per million
n 100 120 6 110 130 s T g7 T o7
Rb 13 12 bdl 9 10 10 1 9
sr 540 400 720 150 340 380 140 450
Y 24 32 27 36 7 30 29 29
zr 87 92 74 110 100 75 85
Nb 7 bdl bdl bdl 1 bdl bdl 6
La bdt bdl bdl bdl 1 9 2 2
Nd 60 27 8 26 9 bdl 26 13
Ba 150 47 53 7] 120 120 7 170
Ce ... 35 . L S S e L2 S LA L S 0 bdl
Entry s T 26 T 27 T 28 T 20 T 00T O 32
Semple No. 221352 = = 21353 . 21336 .. a3ss_ . endse . 1357 . 221358 . 221359
) eoon.....Analyses in weight percent .
i;;é """""" s.7 T .3 T 5.4 “.7 sfo 3.3 4.7 5.9
MgO 3.6 .6 3.7 3.3 3.9 6.0 2.6 2.9
ALOy 17.7 15.3 17.8 16.9 18,4 18.7 17.7 17.3
si0, 52.5 72.3 52.9 58.3 53.5 4.7 59.2 56.1
X,0 3 2.3 .2 % 7 .6 .8 3
ce0 10.5 3.0 1.0 6.6 8.3 10.4 6.3 5.7
Tio, 1.4 .3 1.3 1.0 1.2 1.2 7 1.2
MO 2 bdt 2 K 1 K 1 A
Feo 8.0 2.1 7.7 7.5 8.2 8.9 6.3 8.3
P,0 5 .2 3 3 4 3 .2 3
Total ~ _ 100.5 ... 0.4 L1007 . 9. s 998 . 9.2 . 9B . 98.2
Analyses in parts per million
T 78 T S A 70T g5 T o e a9 68
Rb 12 62 7 18 22 15 20 17
sr 720 430 330 370 370 440 760 440
Y 23 8 30 27 26 32 27 21
r 120 140 110 120 120 110 160 120
Nb 1 7 7 8 8 7 s 6
La 25 21 25 28 1 bdl 1% bdl
Nd 34 bdl 30 2 29 32 23 2
8a 180 1050 210 210 230 160 440 170
Ce 47 52 6 27 19 9 28 13

..........................................................................................................................
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APPENDIX A1.—-Major- and trace-element abundances in volcanic rocks--(Continued).

Entry 33 34 35 36 37 38 39 40

Sample No. 221360 221368 . 21369 . 21370 . eunr 1B 23 1O 221375

............................ Anslyses in weight percent ...

a0 el 20 T 39 3.3 2.8 7.5 2.8 3.3

Mgo 2.6 3.1 4.3 3.7 3.2 3.1 4.9 4.5

Al 17.1% 19.4 18.9 19.8 20.6 17.7 19.3 16.4

SlOz 53.4 56.6 4.3 52.5 52.9 54.9 4.5 49.7

Kzo 1.3 1.4 b bdl 2 2 bdl .1

Ca0 9.8 9.2 9.7 11.9 12.2 6.1 9.5 10.6

hoz 1.2 .8 7 .8 [ 1.4 7 2.3

MnO 2 .1 2 i | 1 A .1 2

feO 5.5 7.3 7.1 7.7 7.3 8.7 7.6 1.4

on 2 2 .3 ) 1 3 2 3

Totat . 9.8 ... w0 . 9.8 ____....M0.1 . .feo.2 . 100.0 ... 9.6 ... 98.8_

.............. e S T LA I o ML PR

T BT 00 T T 9 R P! A 110

Rb 30 38 14 bdl 9 12 bdl 15

sr 330 350 420 340 690 300 870 370

Y 20 17 19 17 15 34 13 39

2r 89 76 94 a3 66 100 59 150

Nb [ 6 7 6 5 bdl bdl bdt

La 4S 13 18 S 12 bdt 11 15

Nd S8 17 14 13 27 bdt 3 40

Ba 1580 660 250 S1 120 170 49 150

Ce L S L S W . 8 s 0 s 33

Entry G QT 7 S

Sample No. 221376 23 . L2 14

Analyses in weight percent e eeeeeeeans

N0 T 36T s.o T P27

Mgo 4.8 2.8 3.0

A(203 17.9 14.5 16.1

Sio 51.7 64.3 s3.7

KZO bdi .1 2

Ca0 12.0 6.0 12.5

Tioz .7 .8 7

MnO A bdl 2

FeQ 8.2 5.6 11.0

PZOS 3 .4 2

Total . 993 . 99 . 30 e e
.................................. Analyses in parts per million ...

nm T 8 s T 7

Rb bdl 7 bdl

Sr 640 470 150

Y 18 33 22

2r 53 170 68

Nb bdl [ bdt

La S 51 12

Nd 22 31 1

Ba 60 110 210

Ce 29 81 31
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APPENDIX A2.--Major- and trace-element abundances in hypabyssal rocks from the Darb Zubaydah ophiolite.
[bdl, below detection limit; -, not determined]

Entry 1 2 3 4 IS 6 7 8
Sample No. 221285 =~ . 221286 . 221287 .. 21288 . ?#!??? ......... 2190 .. 21 e
_____________________ Analyses in weight pefcent
Na 0 - ' r2 2.7 T o Ty 19 T 34
Mgo 7.6 3.8 4.6 9.0 5.4 10.9 10.4 5.4
ALy 16.9 18.1 20.7 17.1 14.9 17.2 6.1 16.4
sio 50.8 40.4 50.0 48.8 $1.1 50.0 51.3 49.6
K50 6 2.5 1.4 .5 3 .7 4 7
Ca0 9.8 21.0 10.9 10.8 0.2 12.5 13.1 1.4
Tio, 1.1 1.0 1.3 1.2 L 8 .3 .5 1.1
MnO 1 .2 .1 A | .2 1 A 2
FeO 9.1 1.2 8.1 9.9 41.8 7.5 8.3 12.3
P,0g 1 1 1 1 A 1 bdl 1
Total ... 99T .. LA 98 ... 0.4 . ......... 9.8 N0 .. 999 . 100.5
__________________________ §r_\§£¥§e§ in parts per million
n 1200 T 100 20 wo T wo T 00 8 T 150
Rb 26 42 S0 16 15 23 16 18
sr 300 340 220 210 130 230 120 440
Y 28 21 24 28 3 9 15 29
r 120 48 95 98 1140 32 48 69
Nb bdt 4 6 bdt bdt s 6 6
La 35 bdt bdl bdl bdl 13 6 23
Nd 31 bdt 21 6 27 9 3 3
Ba 190 440 210 84 130 150 75 500
2 S 20 enn. 2 . o SO { S L o SO 1L bl et 5,
Entry o T T R T R P A T S w T 15T 16
Sample No. 221293 22129 ... ey .. 21296 . 97 . 221298 . 21299 ... 221300
Analyses in weight percent L eian.
Nao T 2.2 T eoTTTTT 3T 3.0 T 3.6 2.8 3.0 2.7
MgO 7.2 6.7 .9 1.0 I .S 6 3 5.8
ALy 16.2 15.4 16.4 15.6 16.7 13.4 13.7 17.7
sio 50.3 49.9 66.3 64.8 48.2 7.2 72.8 53.6
K,0 1.5 1.3 2.2 1.5 1.4 3.0 4.7 .9
ca0 1.3 15.6 4.0 6.4 4.8 2.4 1.2 9.8
Tio, 1.0 .6 .6 .6 .5 3 .3 9
MO 1 A .2 .2 W 1 .1 1
FeO 9.8 8.9 5.9 6.2 5.5 4.9 3.7 7.6
P, 05 3 1 1 . 1 bdl 5.9 1
Total 99.9 1003 .. BT . 994 3 %8 ... 105.7 .. 9.2,
Analyses in parts pe mlshor.\ ______________________________________
T 12007777 sg T T 7T e 82 87 110
Rb 3 30 36 34 21 40 43 24
sr 570 330 470 610 620 260 150 410
Y 26 19 56 45 S4 48 s8 19
2r 76 S0 210 180 190 210 230 87
Nb 6 7 6 7 8 7 bdt 6
La 10 s 245 18 15 16 226 1"
Nd F3 10 28 37 22 bdl 53 15
Ba 1270 320 740 550 700 1340 2560 340
Ce 32 1" 38 21 18 26 20 28



APPENDIX A2.—-Major- and trace-element abundances in hypabyssal rocks--(Continued).

Entry 17 18 19 20 21 22 23 24
Sample No, 221301 ... 3oz . 21303 .. 21306 . 21305 .. 21306 . 1307 ... 221308
Analyses in weight Percent oo eeeeeecoceezeeooons
i;;& """"" .3 T 2.6 T w1 T 1.2 o7 2.5 3.2 T %
MgO0 4.2 4.5 3.3 4.5 .3 .5 N 4.7
M.‘,o3 15.9 15.6 14.5 17.0 13.9 16.1 12.7 16.5
sio2 57.6 55.8 56.0 51.2 69.6 70.0 73.8 54.6
X, 0 3 .1 [ .2 1.9 2.0 3.9 1.8
Ca0 5.4 6.7 7.2 13.2 3.6 4.0 2.0 7.9
TiO2 1.0 .9 1.2 1.0 3 b 3 7
MnO 2 .3 2 2 1 .1 1 2
FeO 10.8 11.2 10.2 11.7 4.4 5.0 4.4 8.5
P,0 .2 2 .2 .2 2 .1 2 N3
Total 0.0 .. 979 .. 7.6 ... 004 . 9 BT s 0.2 ... 9.7,
Analyses in parts per million .

wm T 150 T wo T T mo T 93 T wo T 82 T 93
Rb bdl bdl 17 13 26 46 51 48
Sr 310 330 330 140 210 460 210 710
Y 32 29 3t 23 19 24 20 23
2r 120 88 9% 84 81 75 3 80
Nb [ 8 [ 7 S 7 bdl 8
La 17 18 12 [ 22 18 9 30
Nd bdl 19 23 bdl 19 22 bdl 34
Ba 330 81 340 110 350 610 650 700
e .. oo S L S S LS L S 2 ... L %,
Entry s T 26 T 27 T a8 T % T T 3T 32
Sample No. 221309  ...... 21310 ... 2N a2pr .. R13___..... 2BU__ ... a3, ....... 221333
.............................. Analyses in weight percent oo

Na O 1.9 T 3.1 1.2 2.8 Ty 3.5 T T
MgO 1.1 6.1 7.3 7.2 5.9 6.6 4.7 3.4
Al 13.8 15.7 14.8 15.2 17.3 15.7 14.4 16.1
SlOz 66.3 52.0 50.0 50.0 49.2 51.3 57.2 53.1
Kzo .5 1.0 .2 .3 2 3 .5 .3
Ca0 8.1 10.6 14.6 11.8 1.7 10.6 6.0 14.0
Ti0. 3 1.0 1.0 1.0 1.1 1.1 1.0 [}
MnO 2 .2 3 .2 2 1 A 2
fe0 6.9 10.5 10.7 1.2 11.9 10.9 1.7 11.6
ons 2 .1 1 bdl 1 2 .3 .1
Total 9941000 002 . B .. 003 .. B9 100.1,

Analyses in parts per million

T 120 T 1w T S S TT R s T 1o T w T i)
Rb 1 32 15 1 1% 10 17 21
Sr 650 310 150 250 100 230 240 950
Y 20 24 24 22 30 26 32 10
Ir 64 66 66 69 90 74 9% 50
Nb 5 7 5 bdl 7 bdl 6 4
La bdl 1 bdl bdl 8 2 49 bdl
Nd 7 2 bdl 36 27 28 bdl bdl
Ba 140 240 110 290 44 110 270 92
Ce 30 9 3 22 22 10 33 17
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APPENDIX A2.—-Major- and trace-element abundances h hypabyssal rocks--(Continued).

Entry 33 34 35 36 37 38
Sample No. 221336 . 21337 .. 21339 ... 2138 .. 167 ... 238 o SO
............................. Analyses in weight percent s
fo;zo """" 2.7 T a 3.7 1.6 6.0
Mgo 4.4 2.5 9.8 3.9 3.7 A
ALOy 14.7 14.4 11.0 14.1 13.9 13.1
si0, 54.8 59.3 55.8 59.2 56.6 75.8
K,0 .2 3 .2 bt 1.0 2
ca0 9.1 1.9 12.4 5.1 7.5 1.5
Tio, .8 .4 3 2.0 1 3
MnO .2 .2 .2 1 2 A
FeO 13.3 10.4 8.8 11.3 12.6 2.0
X 2 R A 3 .3 1
Toral 1002 1002 . 1.2 S L2 A B e 2%
_Analyses in parts per million s
2R T T a1 T s30T 150 v T %
b bdl 11 1 bdl 21 9
sr 290 83 110 9% 120 380
Y 1% 16 10 o 52 35
zr 2 60 a7 130 130 190
b bdl 7 6 5 l's 7
La bdl 2 16 9 2 7
Nd 27 9 bdl 15 12 10
8a 120 76 93 55 380 130
Ce 1% 22 26 28 1 k73
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APPENDIX A3.—-Major- and trace-element abundances in metabasalt and silicic metatuff in the Bi'r Tuluhah area

[bdl, below detection limit; ---, not determined]

120

Nazo 3.2
Mgo 7.0
A1203 13.9
sio2 55.4
KZO 2
Ca0 9.2
Yi(}2 1.0
MnO .3
FeO 9.5
PZOS bdl
Total 99.5
Zn 130
Rb 13
sr 89
Y 24
2r 70
Nb 6
La bdl
Nd bdl
8a bdl
Ce bdl
Entry 9

Na0 2.2
MgO 7.7
Alzo3 17.1
sio2 48.1
xzo 1
Ca0 12.9
TiOz 1.2
CR203 bdl
MnO 1
FeO 10.5
PZOS bdl
Total 99.9
Zn 110
Rb 12
Sr 180
Y 30
2r 84
Nb 5
La bdl
Nd bdl
Ba bdt
Ce bdl

4 5
206529 206553
Analyses in weight percent
3.1 3.6
6.4 3.0
18.2 16.1
49.7 60.8

.7 .2
13.0 6.9
.6 1.0
.2 .3
7.9 8.2
bdt bdl
99.8 100.0
Analyses in parts per million
100 150
21 9
280 260
17 42
42 110
5 bdl
bat bdl
bdt bdt
bdl bdl
bdl bdt
12 13
206727 227031
Analyses in weight percent
2.0 3.9
8.4 7.9
15.8 15.2
48.2 50.0
.1 bdl
13.3 9.5
1.2 1.6
bdl bdl
9 .2
9.8 10.9
.1 bdl
99.0 99.3
Analyses in parts per million
7 120
8 10
150 160
32 34
74 100
5 bdl
bdl bdl
bdt 20
bdt 44
bdl 7



J
APPENDIX A3.—-Major- and trace-element abundances in metaﬂasalt and silicic metatuff--(Continued).

Entry 17 18 19 20 21 22 23 2
Sample No. 227070 22701 L. 227073 ... 227076 .. 227017 .. ez7o82 . 227086 . 2270%
.............. Analyses in weight percent s
N 0 1.2 T 2.5 T 2.7 T 3.0 2.9 3.9 1.6 9
MgO 6.9 3.0 8.5 8.9 8.0 8.1 7.1 7.7
AL0y 14.4 1.4 15.4 15.2 15.3 16.0 15.5 13.6
sio, 50.7 69.5 47.3 9.3 48.6 49.1 47.9 55.8
K,0 1 2 .2 .2 3 1 1 2
ca0 15.3 6.7 12.9 12.7 1 10.1 15.4 11.3
Tio 8 .6 1.3 1.1 1 1.2 1.1 5
CR,05 bdl bdl bdl bdl l 1 1 1
MnO 1 4 .2 A 2 2 1 2
Fe0 9.2 5.9 9.9 9.3 1.0 10.5 10.0 9.3
P 0s bdl 3 1 .1 A bdl bdl bdt
Total . 98.8 .. 9B . 8.5 ... 10.0 ... 99 . 9.2 ... 987 . 9.5
.................................................... Analyses in parts per million -
Zn 70 100 110 Ie) T T 120 T 130T 120
Rb 10 10 12 1% 1o bdl 9 bdl
sr 3 210 320 240 160 110 170 120
Y 16 62 29 3 32 30 29 30
2r 9 160 89 14 9 72 7 72
Nb bdl 15 8 bdl 9 bdl bdl bdl
La bdl 58 bdl bdl 9 18 bdl bdl
Nd 8 56 4 33 21 bdl 17 2
Ba 67 % 39 49 89 33 1 21
Ce s 12 89 . o SO 2 . L L S L3 R bdt |
Entry 25 T 26 T 27 T 28 T 29 T 0 T 3T 27
Sample No. 227095 2r34 . 227036 . 27037 . 221039 . 4 . 20k . 227043
..................................................... Analyses in weight percent . .
Na,0 2.0 2.0 3.0 2.9 isd 2T 53T 0.2
MgO 8.5 9.4 4.0 .8 5.8 4.5 3.0 .8
AL,0y 15.3 17.7 19.8 12.5 16.2 18.6 17.6 13.9
sio, 48.3 47.6 61.8 76.2 54.2 53.2 56.7 71.6
K0 2 A 3.1 2.2 2 ¥ A .2
Ca0 13.7 6.7 2.2 2.4 3.9 7.0 5.7 3.2
Tio, 1.2 2.6 .5 .1 1.7 1.2 1.2 4
MnO 2 .2 bal A 1 2 .2 A
Feo 10.5 12.6 4.9 2.1 n}s 9.6 9.1 4.0
PO bdl 3 bdl bdl 3 .3 .2 1
Total 9.9 .. 8O . L2 I 93 %2 ... 90 W2 %.5.
.................... Analyses in parts per mitlion .
T 1w T 1w T 9% 78 M i o T mo T 88
Rb 88 9 35 25 bdt 7 9 12
sr 510 340 200 190 140 100 230 120
Y 36 30 4 83 42 34 36 40
r 290 190 190 150 o 110 110 9%
Nb 81 6 bdl 12 L bdt 8 4
La 74 21 8 31 7 6 18 25
Nd 87 36 bdl 26 b&l 2 15 3
Ba 870 56 360 220 35 37 170 3
Ce 8 1L 2SS L AR oI o 0 . 8 “.



APPENDIX A3.—Major- and trace-element abundances in metabasalt and silicic metatuff--(Continued).

Entry 33 34 35 36 37 38 39 40
Semple No. 227044 227045 .. 227047 . 27049 .. &rese . 275y . &rse 227054
Analyses in weight percent

i;;& """"" 2.6 T 36T .2 T 4.6 o8 T “e we T 3.9

MgO 6 bdt A bdl bdl “ 4 A

Al203 12.5 12.0 13.5 12.2 14.1 14.2 12.4 12.2

510, 75.6 76.5 72.5 76.9 71.9 71.4 73.9 76.1

KZO .7 2.5 .9 1.2 1.3 1.0 .7 T

Ca0 2.3 2.1 3.1 1.6 1.8 2.6 2.7 2.7

'l'i()2 .2 .2 2 .2 .2 4 4 .2

MnO 2 bdl 2 .1 .2 3 3 .2

feO 2.3 2.6 3.7 2.6 3.7 4.5 3.9 3.3

PZOS 1 A bdl .1 1 1 R | bdl

Total . 7.0 ... 995 s 983 . 9.3 e, 8.3 .. 98 e, b2 SO 9.4,
.. Analyses in parts per million s

w T 2 88  TTwo T 110 B R T 140 120

Rb 14 36 17 20 26 19 15 18

sr 100 120 160 140 160 130 140 130

Y 50 8 57 64 55 4 52 47

Ir 130 340 140 160 150 140 130 140

Nb 6 13 9 bdl bdl S bdl bdl

Le 4 26 12 10 6 1 14 bdl

Nd 32 57 9 bdl 20 13 23 25

8a 85 720 270 300 320 180 210 210

Ce ... LSS 82 e, L 2T . L T | S 2 .. 22

Entry 1 T 2 T S

Semple No. 227055 = 27219 . L3 R

.. Analyses in weight percent

i;éb """"" 6.3 T 4.9 T 5 5

Mg0 2 S S

Alsz3 12.6 14.4 14.0

Sl()2 7.6 67.5 67.5

KZO .9 1.6 1.0

Ca0 2.2 3.1 3.2

TiOz 3 .5 6

MO .2 1 3

FeO 3.6 5.9 6.4

P,0s A A 1

Total .. 987 . 8.8 ... L

..................................... Analyses in parts per million

n 110 wo T T2

Rb 18 31 21

sr 100 180 280

Y 53 66 77

2r 140 450 440

Nb bdt 1" 10

La 13 34 15

Nd 29 44 4“6

Ba 250 160 170

Ce 6 53 60

77



APPENDIX A4.—-Major- and trace-element abundances in amphibolite in the Bi'r Tuluhah area.
[bdl, below detection limit; ---, not determined]

Entry 1 2 3 4 5 6 7 8

Seample No. 206500 206516 ... 206518 .. 206519 ... 06k27 ... 206533 ... 206536 . 206537

____________________________ Analyses in weigb.\g percent

Na,0 3.4 X s T 3.8 T 2.8 T 2.9 T 38 T 2.8

MgO 7.7 7.9 2 7.1 7.5 8.5 9.0 7.8

ALy 15.4 14.6 15.9 4.5 14.6 16.6 15.9 15.5

Sio 53.2 51.5 70.8 52.3 53.1 49.3 52.1 48.3

K,0 2 .4 3.7 7 4 4 3 4

ca0 9.1 9.2 1.6 10.2 .S 11.2 9.8 12.3

Tio, 7 .6 s 7 .7 1.1 .6 1.2

MnO 2 .2 bdl 2 .2 2 .2 3

Feo 10.2 10.6 1.6 9.8 10.5 10.0 9.0 10.6

P,0g bdl bdl bdl bdl bl bdl bdl bdl

Total .. 100.0 ... 8.9 ... w8 ... 9.3 .. 9.3 e 0.7 . 9.2

e Analyses in parts per million .

P R Tt N %6 T 78 T TTTse T w0 120 T 9T

Rb 12 20 97 30 21 25 11 19

sr 120 130 220 200 130 190 220 230

Y 25 25 26 22 4 29 18 30

2r 59 47 280 47 5 7 53 86

Nb 5 7 10 bdl |6 6 bdl 9

La bdl bdl bdl bdl ]| bdl bdl bl

Nd bdl bl bdl bdl bdl bdl bdl bdl

Ba bdl bl bdl bdl bdl bdl bdl bal

e bl bl bl bl . bl bl e bl e bdt

Entry o T 10 T nooooTTTTTTT 12T BT 1 T

Sample No. 206538 = 206541 ... 206542 . 06611 ... 200709 .. 206728 e
*@!nss-i?.vsisbs.estses ...........................................

.‘.;;a """"" 3.6 T 3.8 o5 T 41 W 2.6

MgO 9.1 7.8 7. 5.3 4.5 12.4

ALy 15.4 16.8 18.5 17.4 17.8 12.1

sio, 51.0 51.1 52.4 54.8 60.4 50.2

K50 bdl .6 1.0 1.1 -9 1

Ca0 9.8 9.4 6.6 7.9 6.4 8.7

Tio, 8 1.3 1.0 1.2 .7 1.9

¥n0 3 1 .2 1 .1 2

FeO 9.9 9.0 8.2 7.8 5.1 1.3

Py0¢ bdl bdl bdl 3 04.3 3

Totat . 1000 ... 9.9 et 9.4 M0 00.8 ... 405 SO
Analyses i".??ff!.??f-té!li?’.‘ .........................................

T T A 8 0 T 110 120

Rb bl 30 24 27 23 12

sr 89 290 350 630 640 ]

Y 22 26 28 2 1% 25

2r 52 90 96 120 120 140

Nb 6 10 5 8 7 21

La bdt bal bdl bdl tidl bdl

Nd bdl bdl bdl bdl bl bdt

Ba bdl bt bat bdl bt bdl

Ce bl bl bdl bdl bdl

.........................................................................



APPENDIX A5.—-Major- and trace-element abundances in diabase, gabbro, and plagiogranite dikes in

serpentinite in the Bi'r Tuluhah area.
[bdl, below detection limit; ---, not determined]

FeO
P20
Total

19.2

110

150

..........................................................................................................................

..........................................................................................................................

120

4 H
206571 206582
Analyses in weight percent
4.4 4.4
5.3 4.6
17.8 18.8
54.9 57.7
1.0 .8
7.6 5.5
1.3 1.0
A .2
7.6 6.7
| .1
100.1 99.9
Analyses in parts per million
120 120
19 20
500 380
20 26
140 110
bdl bdl
bdl bdl
bdl bdl
bdl bdl
bdt bdt
12 13
227108 227109
Analyses in weight percent
6.8 7.6
bdl bdl
14.6 14.9
74.1 72.7
.3 .2
1.8 1.8
1 .2
A bdl
2.0 1.4
.1 1
100.0 98.9
Analyses in parts per million
53 26
8 10
220 200
14 15
110 96
8 8
bdl bdl
bdl bdl
bdt bdl
bdl bdl

140



APPENDIX AS.--Major- and trace-element abundances in diabase, gabbro,
and plagiogranite dikes-(Continued).

.........................................................................................................................

Entry 17 18 19 20 1 22 23

Swmple No. 227116 .. @ns__ ... 2mMes_ ... L1401 SO 2. @ne . L2142 S

............................................ Analyses in weight percent . .. -

Na,0 3.8 4.7 sy T 3.6 T a2 T 3 6.2 T

Mgo 6.3 7.8 7.8 5.1 7.3 5.7 4.5

Alz()3 16.3 15.2 15.2 18.5 16.3 13.9 16.8

sioz 48.2 51.9 55.7 52.9 55.0 47.3 53.8

xzo 6 7 4 9 4 .2 1.1

Ce0 8.7 8.6 6.2 8.5 8 10.4 7.7

Ti!'.)2 1.9 .9 .7 1.1 .0 2.6 1.2

MO .1 .2 .1 bdl B 2 A

FeO 12.3 8.7 7.2 8.8 1 14.9 7.7

9205 3 2 .2 .1 2 4 3

Total ... f4-2 S B8 e 9.3 .. 993 e 441 S, o223 S L4 SO
Analyses in parts per million

T 130 T g T 700 T 120 T o7 T 150 T -

Rb 16 14 10 16 bdl 8 2

Sr 530 760 550 660 90 290 590

Y 35 26 19 19 20 52 23

2r 150 79 80 68 84 170 150

Nb 7 5 7 7 6 9 8

La bdl bdl bdl bdt Ldl bdl 12

Nd bdl bdl bdl bdl bdl bdl 43

8e bdl bdl bdl bdl bdl bl 270

Ce bdl bdl bdl bdl bdl bdl 25

80



APPENDIX A6.--Major- and trace-element abundances in fine-grained diorite in the Bi'r Tuluhah area.
[bdl, below detection limit; --- not determined]

Entry 1 2 3 4 S é 7 8

Semple Wo. 206528 ... 0658 ... 206543 ....... 206565 ... 06567 ... 206568  ...... 206597 ... 206610

__________ Analyses in weight percent

N0 30 T 3.8 T 30T o s.2 T PO R 3.5

MgO 8.1 9.2 5.9 3.5 5.6 bdl 8.4 8.5

Al203 15.9 14.7 13.5 16.0 15.4 bdt 13.5 15.7

sioz 49.5 54.8 59.2 63.6 59.2 bdl 57.0 53.9

Kzo S 8 4 1.0 bdl bdl 1 8

Ca0 11.4 7.8 7.9 5.3 6.1 bdl 8.8 7.7

rioz 1.2 1.0 .8 6 .4 bdl .3 .8

MnO 1 1 1 B .2 bdl A 2

FeO 9.9 7.2 8.7 4.9 7.6 bdl 7.5 8.6

ons bdt bdt bdl bdt bdl bdl bdl bdl

Total ..... 998 et 1443 SN T s 9.2 ... 23 AU Ml ... 1005 ..t 9.7.

Analyses in parts per million

wm T o T v T o T e T 8 T 1o T 1o T 140"

Rb 18 25 19 15 10 20 12 12

sr 260 450 240 490 38 540 33 520

Y 3 18 18 15 18 24 13 22

r 83 93 92 140 51 150 48 14

Nb ) S 5 7 S I4 5 7

La bdl bdl bdl bdl bdl bdl bdl bdl

Nd bdl bdl bdl bdl bdl bdl bdl bdl

Ba bdl bdl bdl bdl bdl bdl bdl bdt

L S ot S Lo s S o S L SO o ol SO bt

Entry o T T R I 13T 1w 1§ T

Sanple No. 206818 . ..... 2ns_ L1401 SN xns ... any _...... 2n30 ... 2715 e
_______________ Analyses in weight percent e

a0 2T 6.2 s 3T co T 3 s

Mg0 8.8 4.6 8.0 8.5 8.5 3.8 6.3

Al.‘,()3 13.0 16.2 16.4 13.7 16.0 18.0 17.9

Si0 57.7 58.6 57.1 57.0 52.1 56.6 52.0

xzo 4 1 1 bdl 2 .9 .3

Ca0 9.1 5.0 7.3 8.4 8.6 7.5 8.0

'noZ 1 .6 .3 2 é 1.1 .9

MnO 1 .1 .1 .1 1 .1 .2

FeO 4.9 8.2 7.2 7.5 8.7 7.1 9.0

P50 1 1 .1 bdt A 3 2

Total ... 982 .. 9.8 L1004 44T S £4- 23 SN |4+ LS 123

Analyses in parts per million

w T 78 T TTTwe T s¢ T - g7 T o5 T 7T

Rb 8 bdl bdt 8 bdt 17 15

sr 96 82 140 56 280 410 480

Y 6 18 12 " 17 27 20

r 32 59 45 [13 56 170 7

Nb bdl bdl é 4 4 ) é

La bdl 2 1 bdl 25 3

Nd bdl 9 38 8 bdl 53 19

Ba bdl 49 76 22 29 160 170

Ce bdl 14 2 bdl 1 29 17



APPENDIX A6.~Major- and trace-element abundances in fine-grained diorite--(Continued).

..........................................................................................................................

Analyses in weight percent

........................................................................ e eccsencecccscvacnocncscenscuncncnencccncncnnranves

Nazo 3.0

MgO 7.4

Aizt); 15.9

Sioz 54.2

KZO .5

Ca0 9.4

Tioz .9

CR203 bdl i

Mn0 2 !

FeO 7.8

ons .1

Total .. 0 S e e e e aaaaae

Analyses in parts per million

T 2
Rb 14

sr 350

Y 17

2r 1A

Nb bdl

La 4

Nd 41

8a 310

Ce 27

82



APPENDIX A7.-Major- and trace-element abundances in the Hulayfah-group volcanic rocks
in the Bi'r Tuluhah area determined in this study.
[bd!, below detection limit; ---, not determined]

Entry 1 2 3 4 5 6 7 8
Somple No. 206546 . 206567 ... 200601 . 206602 . 206603 . 206605 . 200839 ... 227003
enalyses in weight percent
Neo .2 T 5.2 T 3.3 S F A 3 2.8 T 2.6
L] 6.6 5.6 10.0 4.9 4.8 8.5 4.5 10.6
Alz 17.9 15.4 16.2 16.8 15.1 16.9 15.8 12.2
5102 53.8 59.2 54.5 58.5 55.8 51.9 57.6 54.6
xzo 8 bdl .3 1.1 1.1 9 4 A
Ca0 6.9 6.1 8.9 6.7 8.2 8.5 9.3 13.0
Tio2 9 4 1.1 1.0 1.4 1.5 8 7
MnO 3 .2 1 .1 .1 .1 1 1
FeO 8.4 7.6 7.7 6.6 10.3 7.3 6.6 6.6
PZOS bdl bdl 1 3 1 bdl A .1
Total . 998 ... 997 LM 998 . 997 . 9. ......... 7.9, ........100.8
Anslyses in parts per miilion
wm T 120 T T  TTes T 8 T B30 T 6 T 1o T > 2 52
Rb 23 10 10 24 40 24 17 bidl
Sr 380 38 330 390 210 350 410 600
Y 25 18 21 18 35 31 24 24
Ir 84 St 110 130 130 170 62 93
Nb bdl S S bdl [} [ é 7
La bdl bdl bdl bdl bdl bdt bdl 13
Nd bdl bdl bdl bdl bdl bdl bdt 22
Ba bdl bdl bdl bdl bdl bdl bdl 76
Ce et xS o SR LS L SO DAl s bl e - S bdl
Entry 2T nwoooTTTTTTT 2T [ Ww T R T
Sample No. 227006 = . 227008 . 227009 ... i aenn . aerote . eroNs . 227014
........................................... Analyses in weight percent e eeeeteeecaseeeeeeeaseeeaenaann
Na,0 3.0 B XN 3.9 45 B X 5.6 o1 B
Mg0 12.4 1.9 4.5 1.9 5.4 2.9 2.8 5.8
Alzo3 13.2 18.2 16.6 15.8 15.9 14.8 14.2 16.1
Sioz 55.1 60.6 53.4 59.7 52.7 60.4 60.8 55.4
xzo 4 2.0 4 2.5 .4 .8 2.1 1.0
Ca0 12.4 7.1 10.7 5.9 8.7 5.7 5.7 7.5
Yioz .5 .5 1.3 1.5 1.8 1.4 1.5 .8
MnO bdl bdl .2 .1 .1 .1 A 1
feO 4.1 4.9 8.6 7.0 9.8 7.5 8.1 7.4
PZOS .1 .1 .2 .5 N KA .3 .1
Totat . e . 9.2 ... 9. . 0% SN 9.2 ... 995 .. 9.6 ... 9.8
Analyses in parts per million
w T 120 T 6 T s & T 130T 130T oo 90
Rb 14 26 15 (3] 19 22 &9 26
Sr 590 520 500 330 300 280 260 470
Y 16 15 35 55 o 61 61 26
Ir 68 98 210 380 220 320 310 100
Nb bdt bdl bdl 11 bdl 8 12 S
La bdt [ 36 48 25 37 39 5
Nd 15 bdl bdl 42 19 39 52 bdt
Ba 110 500 23 470 200 220 340 200
Ce 20 10 37 81 10 82 Al 30

..........................................................................................................................



APPENDIX A7.--Major- and trace-element abundances in the Hulayfah-group

volcanic rocks--(Continued).

..........................................................................................................................

..........................................................................................................................

.........................................................................................................................

........................................................................ deemcecseserrenasccnartss e st arasnmeTrasasn sy

In
Rb
Sr
Y

ir
Nb
La

9N
8
220
21
68
bdl
2

57

18
260

16

100
43
590

140
22

..........................................................................................................................

..........................................................................................................................

..........................................................................................................................

.........................................................................................................................

..........................................................................................................................

20 21
227018 227019
Anslyses in weight percent
2.3 2.9
8.9 6.8
14.8 15.6
52.7 54.5

.3 .2
10.3 8.9
.8 .6
A i
8.8 8.4
)
99.0
Analyses in parts pev‘? million
88 91
10 12
140 160
23 19
92 . TR
bdl )
20 ‘bdl
20 47
150 65
bdl 6
28 29
227028 227029
Analyses in weight percent
3.2 4.1
2.4 9.2
16.7 11.9
58.2 $3.4
.9 4
7.6 1.3
.9 .5
.1 .2
7.8 8.9
.2 bdt
98.0 ?9.9
Anslyses in parts po} million
80 120
20 15
160 | 150
39 18
140, 46
10 " bdl
26 9
13 1
190 120
42 6

120
bdl

43
210

..........................................................................................................................



APPENDIX A7.-Major- and trace-element abundances in the Hulayfah-group
volcanic rocks--(Continued).

..........................................................................................................................

..........................................................................................................................

..........................................................................................................................

Na_0 5.5 4.9 3.7 5.9

Hgo 3.2 3.6 2.4 1.3

ALOq 18.5 18.6 19.3 18.0

sio0, 61.1 57.7 57.8 6.9

K,0 .6 1.6 .8 9

Ca0 5.1 4.4 8.0 4.9

Tio, .6 .8 7 .5

Mo K| A .2 A

Fe0 5.2 7.3 6.3 3.3

P A .2 2 A

Total . 100.1 ... w2 ,.S 002 100, s eeeceenecnan
............. Anslyses in parts per million o eeenn

T 3T - 110 ) 45 0

b 15 3% 15 13 16

sr 410 500 460 740 480

Y 10 19 13 12 19

2r 90 110 110 78 110

wb s bdt 4 bdt 6

La 7" 19 6 n 10

nd 10 32 7 7 bdt

'™ 220 360 290 260 190

Ce 3 47 3 30 5

85



APPENDIX A8.--Major- and trace-element abundances in the Hulayfah-group volcanic rocks
in the Bi'r Tuluhah area reported by Kattan (1983)
[bdl, below detection limit; —-, not determined]

Entry 1 2 3 4 |5 6 7 8
Sample No. 33043 . 33039 ... 33040 ... 33044 .. o2 .. 33035 ... 33045 ... 33062
..................................................... Analyses in weight percent e

sio, 52.2 52.2 52.8 54.2 T 7 sr.r T s7.8 51.6
Tio 1.4 1.1 1.7 1.6 1.4 1.1 1.2 1.6
Al,0y 18.4 16.8 17.9 18.7 16.1 1%.7 16.2 16.9
Fe,0y 9.1 9.3 1.3 7.8 ‘}a 6 8.9 8.0 10.8
MO .1 .2 .1 .1 1 .2 1 .1
Mgo 4.8 7.0 6.4 3.9 4.9 5.3 4.4 5.9
Ca0 9.1 9.6 3.2 6.1 6.8 6.9 6.6 6.8
Ne,0 3.8 2.9 4.3 5.1 3.7 3.3 4.0 4.7
K,0 .8 6 1.9 2.1 1.2 1.4 1.5 1.5
P,0g 2 2 .3 .3 3 3 .3 2
Totel 1000 _ __ _ teoo _ _ _..l00 000 1000 9.9 e 100.0_
e Ane!!ses in parts per million .

Nb 2 1 ¢ T 6 T s T 6 T 3T “
Y 27 23 37 30 40 42 38 36
sr 407 468 398 493 441 282 427 302
/b 13 4 42 3 20 34 21 34
2r %7 89 167 190 255 262 217 166
LS SR 3 s IS . o SO 6 e L bdt
Entry o T T R T R 12T T T T T
Sample Wo. 33059 .. 33064 ... 33061 ... 33056 ... 33054 ... 33067 ... 33060 ... 33047,
..................................................... Analyses in weight percent -
sio 51.7 52.0 52.1 56.6 57.4 57.8 60.3 51.5
Tio, 1.0 1.7 1.2 1.2 1.2 1.0 1.7 1.2
Al 15.0 14.6 17.8 14.9 16.4 15.4 15.0 15.8
Fe,0 7.6 10.6 9.4 10.1 7.6 7.8 9.9 9.9
MnO A .1 . .2 .1 A .2 .2
MgO 13.2 7.6 6.1 5.2 4.9 6.2 2.6 7.5
Ce0 8.3 9.2 9.5 7.9 7.5 8.9 4.3 10.5
Ne 0 2.6 2.9 3.3 3.3 3.6 3.8 4.5 3.0
K0 4 9 .3 4 1.0 1.0 1.1 3
3 2 4 .2 .2 .3 .2 .5 .2
Totel 10000 1000 1000 1000 1000 2.0 ... 10.0 ___ ____100.0
.................................................... ‘“‘”’“"”"‘“;"“‘“‘
Nb bdl 7 bdl 1 5 1
Y 20 39 28 37 ‘ 38 32 57 28
sr 325 47 321 280 1430 209 322 253
Rb 2 10 2 2 9 16 17 bt
2r 9% 216 108 115 238 120 284 103
L Y e S s S ST bl e I~ SR b s 2 . bdt



APPENDIX A8--Major- and trace-element abundances in the Hulayfah-group
volcanic rocks--(Continued).

..........................................................................................................................

Entry 17 18 19 20
Somple No. 33031 ... 33003 ... 33006 ........ 00 e cemeeeececeeeemcessseesecesesmscesemsnsemesennns
............................... Analyses in weight percent ¢ eeeeeeeenane.

sio, sie 53.1 T4 7 2
Ti0. 1.2 1.1 .9 1.5

“203 16.4 17.41 16.4 15.8

Fe 05 8.5 8.8 7.8 8.4

Mno .2 A 1 1

Mg0 9.4 6.3 6.0 4.3

Ca0 8.2 9.5 8.8 7.5

Na,0 3.3 3.5 3.0 3.7

K0 .8 .3 3 1.0

P>0s .2 .2 .2 3

LA AT | 2 S | L .. .. £ SO

Analyses in parts per million

wo T I T T g T
Y 24 27 25 [

sr 275 307 278 359

Rb 10 1 2 22

2r 112 95 93 298

Th bdl 1 2 1

..........................................................................................................................
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