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Chapter A

Authigenic Potassium Feldspar in the
Davis Formation
(Upper Cambrian), Missouri

By G.A. DESBOROUGH, J.J. CONNOR, and MAYA ELRICK

Chemical and mineralogical studies of the Davis Formation
show that very fine grained authigenic potassium feldspar,

a major silicate, formed diagenetically at the expense of
detrital vitric volcanic ash deposited in a marine environment
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Authigenic Potassium Feldspar in the Davis Formation

(Upper Cambrian), Missouri

By G.A. Desborough, ).J. Connor, and Maya Elrick

Abstract

The chemistry, mineralogy, and texture of the Upper Cam-
brian Davis Formation are consistent with the concept that its
silicate minerals originated chiefly from vitric volcanic ash that
was deposited in a marine environment and then altered dur-
ing diagenesis to potassium feldspar. Dolomite, calcite, illite-
smectite, chlorite, and sparse glauconite and pyrite in the Davis
also formed diagenetically. Quartz occurs in some beds and
is largely detrital. Very fine grained authigenic monoclinic
potassium feldspar is the dominant mineral in all insoluble
residue samples and constitutes as much as 60 percent of many
of the residues; only minor amounts of detrital igneous or-
thoclase and microcline (to 60 um) are recognized in polished
grain mounts and thin sections. By contrast, the authigenic
potassium feldspar crystals are so small (0.03-5 um) that they
can be conclusively identified by scanning electron microscopy,
electron-microprobe, or X-ray diffraction methods.

That the silicate minerals in the Davis Formation are
authigenic is also suggested by the composition and distribu-
tion of nearby igneous rocks. The Davis is thickest in the region
surrounding the core of Precambrian igneous rocks that now
form the St. Francois Mountains. These Precambrian granites
and rhyolites were also exposed during Davis deposition, yet
they contributed only a minor local detrital component to the
Davis Formation. Evidence for this conclusion includes (1) the
very high K,0:Na,O (weight percent) ratio of >55, and (2)
K,O contents of 10-11 percent for beds in the Davis; these
values are large compared with those for the local Precambrian
igneous rocks. In addition, the K,O, barium, zirconium, and
boron concentrations for Davis samples differ significantly from
the concentrations of these components in local Precambrian
rocks. Further, the absence of quartz in some of the Davis
samples, and the euhedral potassium feldspar grains smaller
than 5 um, taken with the other evidence preceding, all sug-
gest an authigenic origin for potassium feldspar in many beds
in the Davis. .

The lower half of the marine Franconia Formation in Min-
nesota has been reported to contain nearly 50 percent
authigenic potassium feldspar. These strata are age equivalent
to the Davis Formation.

INTRODUCTION

In the past several years, highly potassic strata in
which potassium feldspar is the major potassium-bearing

mineral and also the major silicate mineral have common-
ly been considered to have originated from the diagenetic
alteration of volcanogenic or tuffaceous debris. This in-
terpretation has been applied to both lacustrine (Shep-
pard and Gude, 1965) and marine (Weiss, 1954)
occurrences. Buyce and Friedman (1975) have emphasized
these authigenic potassium feldspar occurrences in New
York and in the upper Mississippi Valley regions for Up-
per Cambrian and Ordovician marine strata.

Our investigations of the mineralogy and chemistry
of calcareous and dolomitic shales of the Upper Cam-
brian Davis Formation and the underlying Upper Cam-
brian Bonneterre Formation in the Viburnum trend
mineralized area along the west side of the St. Francois
Mountains, as well as prior studies of the chemical com-
position of shales (and other strata) in Missouri by Con-
nor and Ebens (1980), revealed that some of these shales
are highly potassic, and that the major potassium-bearing
mineral is potassium feldspar. Samples previously col-
lected by others from the northeastern and central part
of the Rolla 1°X2° quadrangle in southeastern Missouri
(fig. 1) were studied by us, and regional stratigraphic and
lithofacies studies of Thacker and Anderson (1979a, b)
for the entire quadrangle were subsequently useful for
our interpretations. The bulk samples contain as much
as 11 weight percent K,O. Besides dolomite and calcite,
the major minerals are potassium feldspar (orthoclase),
disordered illite-smectite, and Fe-rich chlorite. Quartz
may be absent or may form as much as about 30 percent
of the noncarbonate fraction. Pyrite is generally detect-
able by X-ray diffraction in unoxidized samples. Potas-
sium feldspar is the major mineral in most of the insoluble
residues that were obtained by leaching the bulk samples
with 20 percent HCI; potassium feldspar is estimated to
compose as much as 60 percent of the whole rock for
those samples considered to be shale on the basis of grain
size. Detrital orthoclase and microcline derived from local
Precambrian igneous terrane are also recognized by
chemical, X-ray diffraction, and electron-microprobe
methods.

The bulk samples we studied were chiefly collected
by others in the USGS for trace-element studies of metals
and general lithologic character studies of the Davis

Potassium Feldspar, Davis Formation, Missouri 3
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Figure 1. Location of the Rolla 1°x 2° quadrangle in Missouri,
with study area shown by vertical-lined box.

Formation. We used these samples collected by others
because they were considered to be typical of the Davis
Formation.

Kurtz (1975) proposed that the detrital component
of the large volume of strata that makes up the Davis
Formation in Missouri was principally derived from a
northwesterly source. We present chemical, mineralog-
ical, and other evidence that precludes as a major local
source the Precambrian igneous rocks that were exposed
to weathering and erosion at the time the Davis Forma-
tion was deposited. This evidence includes (1) dilution of
the detrital component by carbonate buildup associated
with relatively shallow water deposition peripheral to the
exposed Precambrian igneous rocks of the ancestral St.
Francois Mountains, (2) differences in chemical composi-
tion of the local Precambrian igneous terrane, compared
with the composition of the silicates in the Davis Forma-
tion, (3) no widespread and (or) general increase in
detrital components in the area proximal to the Precam-
brian igneous rocks exposed at the time of deposition of
the Davis Formation, as shown by isopach and lithofacies
maps, (4) little, if any, significant grain-size sorting of
detrital components from the Precambrian igneous rocks
exposed at the time of deposition of the Davis Forma-
tion, and (5) similarities in chemical composition and
mineralogy with Paleozoic marine strata elsewhere be-
lieved to have a primary volcaniclastic origin. Collective-
ly, these aspects led us to consider an exogenous or remote
source for noncarbonate minerals in the Davis Forma-
tion and to examine chemical and mineralogical methods
for evaluation of local versus remote source areas for the
detrital material and how it might relate to the authigenic
potassium feldspar.

4 Contributions to Mineral Resources Research, 1984

LITHOFACIES, CHEMISTRY, AND MINERALOGY
OF THE DAVIS FORMATION

General Description

Thacker and Anderson published isopach and
sand:shale ratio maps (1979a), and carbonate:clastic ratio
maps (1979b) of the Davis Formation for the Rolla
1°x2° sheet, which includes areas adjacent to the ex-
posed, dominantly silicic, Precambrian volcanic and
granitic rocks (fig. 2). Because much of the presently ex-
posed Precambrian igneous terrane was also exposed dur-
ing deposition of the Davis Formation, we thought that
a comparison of the chemistry of the silicate components
of the sediment with that of the igneous rocks could be
used to determine whether or not the igneous rocks con-
tributed a major component of clastic material to the
Davis Formation. If not, then other sources would have
to be considered. Whole-rock chemical data for more
than 100 samples of exposed igneous rocks were reported
by Pratt and others (1980), and 75 of these that were prox-
imal to our study area were used for comparison with
the Davis Formation chemistry. The ratio K,0:Na,O
was selected as the principal parameter for chemical com-
parison. By using K,0:Na,O, we excluded the variable
amounts of quartz in both the sedimentary strata and the
igneous rocks; additionally, the variable amounts of car-
bonate in the sediment were excluded. Chemical composi-
tion of four samples of shale from the Davis Formation
obtained during the studies of Connor and Ebens (1980)
are given in table 1. (The South Dakota sample is dis-
cussed later.) For these four shale samples, the
K,0:Na,O ratios are between 58 and 143. In contrast,
for the 75 compared samples of Precambrian igneous
rocks exposed in the Rolla 1°X2° quadrangle north of
lat 37°30" N. (Pratt and others, 1980), the K,0:Na,O
ratios average less than 2 and range up to 87. Only nine
samples (12 percent) of the igneous rocks from that area
have K,0:Na,O ratios exceeding 10; only four samples
have K,0:Na,O ratios exceeding 40.

In addition, the boron content (100-150 ppm) in
the Davis (table 1) is several times that of the mean of
17 ppm (<10-100) for 75 samples of Precambrian igneous
rocks (Pratt and others, 1980). The zirconium content
(70 ppm) in the Davis is less than one-third of the mean
of 250 ppm (70-500) for the same 75 igneous samples.
Thus, on the basis of chemical data, it is unlikely that
the insoluble residue fraction of the Davis was derived
from the local Precambrian terrane of the ancestral St.
Francois Mountains.

Section near Leadwood, Missouri

An interval of Davis Formation, exposed in a road-
cut near Leadwood, was measured and sampled by the
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map of the Davis Formation. Thickness contours in feet; contour interval 40 ft. B, Clastic:carbonate ratios of
the Davis Formation. Both modified from Thacker and Anderson, 1979a, b. Sample localities: 1, 2, 3.

Potassium Feldspar, Davis Formation, Missouri



Table 1. Chemical composition of four shale samples of Davis
Formation, Washington and Ste. Genevieve Counties, Mo., and
a feldspathic shale from the Deadwood Formation, Lawrence
County, S. Dak.

[LOI, loss on ignition at 900°C; n.d., not determined; (), excluded from
total, contributed to LOI. All values in weight percent, except as noted]

Deadwood
Sample No. Davis Formation Formation
Laboratory-—- D148004 D148015 DI147998 DI148090 D120307wW
Field-—--—-- REOSHO5 REOSHO6 REOSHOl REOSHO2 17BBR2
SiO2 45.6 46.6 48.0 47.0 57.2
A1203 16.8 17.0 16.0 17.0 17.2
lre,04 3.8 2.8 4.8 4o 5.2
MgO 4.8 4.7 2.2 2.3 2.4
Ca0 5.7 5.4 6.4 6.4 2.5
Na,0 0.17 0.07 0.08 0.13 0.14
K70 9.8 10.0 10.0 11.0 12.0
co, (0.8) (0.2) L5 1.5 5
TiOZ 0.5 0.7 a.5 0.5 0.7
C, organic (l.1) (2.7) 0.1 0.3 n.d.
B (ppm) 100 150 150 150 <10
zr (ppm) 70 70 70 70 100
LOI 11.8 11.4 n.d. n.d., n.d.
Total-—— 99.0 98.7  289.6  290.5 97.8

LAl iron calculated as Fey03.

2Low total due to high content of illite-smectite that
contains hydration water.

Missouri Department of Natural Resources in 1977. This
is our principal set of samples that are discussed in the
following text. The measured stratigraphic interval is
about 35 m thick, but there is a covered interval of
unknown thickness between sample numbers 75 and 76
(table 2). The roadcut is only a few kilometers north of
the Precambrian terrane that was exposed during deposi-
tion of the Davis Formation (fig. 2, locality 3). Thus, if
Precambrian igneous rocks contributed significant
detrital material to the Davis Formation, such detritus
should be a major constituent of this locality. Twenty-
nine composite samples (table 2) were assembled from
74 field samples of the Davis in the roadcut; each of the
composite samples represents a lithologic unit recogniz-
able in the field. We then studied these composite samples
by X-ray diffraction of the bulk, chemical analysis of the
bulk, and X-ray diffraction of the 20 percent HCl insolu-
ble fraction.

X-ray Diffraction Results

Dolomite:calcite ratios for composite bulk samples
were semiquantitatively determined by measuring the
relative intensities of the strongest X-ray diffraction peaks
of each mineral on diffractometer traces. Dolomite is
dominant over calcite in 21 (72 percent) of the samples;
dolomite and calcite occur in equal amounts in 2 samples,

6 Contributions to Mineral Resources Research, 1984

and 6 of the samples are dominantly calcite (table 2).
About 60 percent of the interval had dolomite:calcite
ratios in the range of 2 to 100.

Silicate mineral contents of bulk samples were
determined by X-ray diffractometer study of insoluble
residues, which were obtained by leaching the bulk
samples with 20 percent HCI. Quartz is absent from seven
lithologic units, aggregating 24 percent of the interval,
in the middle and upper part (table 2). Quartz is domi-
nant chiefly in the lower half of the Davis. Ratios of
potassium feldspar to illite-smectite in insoluble residues
were estimated on the basis of the X-ray diffractometer
peak heights; the feldspar 002 peak near 27.5°26 CuKa
and the illite-smectite 001 peak near 8.9°20 CuKa were
used. The potassium feldspar:illite-smectite ratios range
from 1.6 to 17 and indicate that potassium feldspar is
dominant over illite-smectite in all analyzed samples (table
2). Potassium feldspar is the dominant mineral of the in-
soluble residue in 16 (of 29) samples, aggregating 62 per-
cent of the interval studied (table 2). The potassium
feldspar in the Davis is chiefly orthoclase, but three
samples contain detectable microcline.

The quartz-free samples, except for one with abun-
dant microcline, probably were derived from a source
remote from the area of deposition, whereas those with
quartz and abundant microcline were derived from then-
exposed Precambrian igneous rocks of the ancestral St.
Francois Mountains. This interpretation is supported by
the following evaluation of the chemical data.

Chemical Data

To evaluate the possible sources of detrital sedi-
ment, the concentrations -of K,O, barium, rubidium,
and zirconium were determined for most of the bulk
samples by X-ray fluorescence analysis using standards
with accurately known concentrations of each element;
results are given in table 2. Values for boron in insoluble
residues were determined by M.S. Erickson in 1978 using
semiquantitative emission spectroscopy: results for boron
in table 2 are the mean for the samples in each interval.

Figure 3 shows the concentration of barium versus
K,O; on this plot, the linearity of the quartz-free
samples is remarkable. In other words, the low-
temperature-formed potassium feldspar of authigenic
origin incorporates much less barium than the igneous
orthoclase of the Precambrian granites that is of detrital
origin for the quartz-bearing samples. About 70 percent
of the samples line along or very close to the ‘‘quartz-
free’’ line, whose projected extension to the K,O content
of pure potassium feldspar (16.95 percent K,0) would
indicate a concentration of about 450 30 ppm barium
in the authigenic potassium feldspar of the Davis For-
mation, if all K,O is in potassium feldspar. It is note-
worthy that all samples that have a high barium
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Table 2. X-ray diffraction and chemical data for 29 samples of dolomite, limestone, and shale in the Davis Formation exposed
along State Highway 8, SWVNEY sec. 3, T. 36 N., R. 4 E., near Leadwood, St. Francois County, Mo.

[NA, not analyzed; mineral ratios determined by relative X-ray peak intensities; K,0, Ba, Rb, and Zr by XRF; analyst M. Elrick; B by semi-
quantitative emission spectroscopy; analyst M.S. Erickson; q, quartz; K-f, potassium feldspar])

X-ray diffraction data

Chemical data

Potassium Igneou;
Sample Thickness Dolomite:1 Dominant1 Quartz2 feldspar: orthoclase” in
No. (m) calcite noncarbonate illite-smectite KZOl Ba! Rb! 2e! B total orthoclase
ratio mineral ratio (wt. pct) (ppm) (ppm) (ppm) (ppm) (wt. pct)
7 0.30 100.0 q + 15.0 2.1 75 5 15 20 70
8-12 1.68 100 K-f + 4 5.5 150 30 40 140 8
13 .45 100 K~-f [} 6.5 3.6 65 15 15 150 0
14-17 1.22 40 K-f [ 4 7.8 200 NA NA 200 0
18 <45 100 q + NA 2.8 90 10 25 50 50
19-23 1.42 100 K-£ + 3.4 8.1 220 65 55 220 0
24-32 2.9 100 K-f + 8 2.9 105 10 35 117 50
33-37 1.57 33 K-f + 5.7 9.6 355 115 105 280 20
38 .30 100 KR-f [ 1.5 2.2 30 15 5 100 0
39 .25 8 K-f [ 2.5 10.8 315 150 95 500 0
40 .71 20 K-f + 7.5 2.1 22 <5 <5 200 NA
41-47 2.29 20 K-£ o 2.4 10.4 310 135 80 500 0
48-52 2.44 0.1 K-f ) 4.3 1.9 30 5 10 540 0
53f58 1.40 30 K-f [} 2.0 6.5 180 50 50 230 0
59-63 1.52 100 q + 9.0 7.9 500 80 160 110 55
64-66 1.93 1.0 q + 4.0 6.8 220 45 60 170 20
67 .61 0.3 K-f + 1.6 NA NA NA NA 150 NA
68 .38 100 K-f + 3.3 NA NA NA NA 100 NA
69-70 .71 0.3 + 2 NA 525 120 145 200 NA
71 .20 0.6 q + 7 7.1 325 40 115 100 40
72 2.13 0.1 q + 17 9.5 590 85 180 100 55
73 1.93 0.1 K-£f + 4 10.6 600 115 160 100 50
74 1.22 2.5 q + 10. 5.2 350 45 130 100 65
75 W71 1.7 q + 12.6 7.4 425 60 140 100 55
76 1.47 1.0 q + 6.6 6.4 190 25 100 70 10
77 1.75 2.0 q + 7.5 5.9 190 30 80 100 20
78 1.07 1.2 q + 5.2 4.2 110 20 45 100 10
79 1.98 13 q + 11 7.4 275 60 75 100 30
80 .33 7 K~f + 5 5.6 160 45 45 200 15

lBulk samples. ZInsoluble residue; +, yes; o, no.

concentration—in the range of 300-600 ppm—contain
quartz, which is inferred to be detrital. The higher con-
centration of barium in some of the quartz-bearing
samples is attributed to the detrital igneous orthoclase,
that formed at higher temperatures, and which was locaily
derived from the Precambrian terrane of the St. Fran-
cois Mountains (fig. 2). The average content of barium
in 75 igneous rock samples with more than 5 percent
K,O is 1,000 ppm (calculated from Pratt and others,
1980); of the 75 samples, those that are granites average
625 ppm and range from 300 to 1,500 ppm barium. The
granites with high orthoclase content typically have more
barium than those with a relatively high content of
microcline.

Figure 4 shows the relationship of zirconium to
K,O concentration for the Davis Formation (table 2).
For the quartz-free (nonlocal detrital contribution)
samples, it is obvious that the concentration of zirconium
versus K,O is linear, within the precision of the method.
However, 44 percent of the Davis samples with inferred
local detrital contribltion contain very high zirconium

3Calculated from Ba content.

concentrations. The mean for 40 samples of igneous rocks
in the area that contain more than 5 percent K,O is
270 ppm zirconium, which is more than 2 to 3 times
higher than the mean for the Davis Formation. The zir-
conium content of 70 ppm obtained by emission spec-
troscopy for four samples of Davis (Connor and Ebens,
1980) shown in table 1, that also contain 10-11 percent
K,O, is in excellent agreement with contents of 80 and
95 ppm zirconium for the two quartz-free samples from
the Leadwood section having the highest K,O concentra-
tions (table 2 and fig. 4). The distribution patterns on
figures 3 and 4 are similar and suggest that samples with
high concentrations of both barium and zirconium had
a local detrital source.

Figure 5 shows the content of rubidium versus
K,O concentration; the relationship is curvilinear for all
samples, but the quartz-free samples have a rubidium:
K,O ratio equal to or higher than those samples that
contain quartz. The two quartz-free samples with highest
K,O concentration also have the most rubidium (fig. 5).
These two samples and the quartz-free sample with

Potassium Feldspar, Davis Formation, Missouri 7
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Figure 4. Concentration of zirconium versus K,O for 25 bulk
samples of Davis Formation at exposed section near Leadwood,
Mo.

50 ppm rubidium also have low ratios (2.0-2.5) of potas-
sium feldspar:illite-smectite (table 2); therefore much or
most of the rubidium in these samples is in illite-smectite,
and the authigenic potassium feldspar contains little if
any rubidium. This situation accounts for the curvilinear
relations between rubidium and K,O (fig. 5). The illite-
smectite also contains both K,O and rubidium. The
authigenic potassium feldspar contains less than 70 ppm
rubidium, but the illite-smectite contains about 200-
300 ppm rubidium, on the basis of calculations using the
high and low rubidium contents for the quartz-free
samples and the estimated potassium feldspar:illite-
smectite ratios.

Figure 6 shows a generally inverse relationship be-
tween boron concentration in the insoluble residues and
the ratio of potassium feldspar:illite-smectite. However,
the three samples having the highest boron content have
nearly twice as much boron as any of the other samples.
This is probably due to the reporting intervals (for ex-
ample, 100, 150, 300, 500 ppm) for the semiquantitative
emission spectrographic method. In general, the relations
on figure 6 indicate that boron is chiefly in illite-smectite.
The amount of boron in illite-smectite is estimated at
700-1,000 ppm, on the basis of calculations using the
boron content, potassium feldspar:illite-smectite ratios,
and K,O content of the bulk samples. Boron substi-
tuting for aluminum in potassium feldspar has an effect
on the a and c cell dimensions when present in concen-
trations of more than about 600 ppm (Martin, 1971;
Sheppard and Gude, 1965, 1973). Cell parameter data ob-
tained for potassium feldspar in these samples show that
no more than about 500 ppm of boron could be in either
the detrital orthoclase or the authigenic potassium
feldspar. This contrasts sharply with lacustrine authigenic
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Figure 5. Concentration of rubidium versus K,O for 25 bulk
samples of Davis Formation at exposed section near Leadwood,
Mo.
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potassium feldspar in Tertiary strata that commonly
contains 2,500-4,400 ppm boron (Sheppard and Gude,
1965, 1973). As'noted, the low boron values (mean=17
ppm, range <10-100 ppm) for the Precambrian igneous
rocks of the St. Francois Mountains (Pratt and others,
1980) are consistent with the premise that boron in the
Davis Formation is chiefly in authigenic illite-smectite,
but some boron is also in authigenic potassium feldspar
according to the integrated chemical and mineralogical
data.

COMPARISON OF THE DAVIS FORMATION
WITH OTHER POTASSIUM
FELDSPAR-RICH STRATA

Several years ago, Buyce and Friedman (1975)
discussed aspects of the authigenic potassium feldspar oc-
currences in Upper Cambrian and Lower and Middle Or-
dovician marine strata of several States including New
York. In New York they studied insoluble residues of car-
bonate strata of Late Cambrian, Ordovician, Silurian,
and Devonian age. They concentrated on the Lower Or-
dovician Tribes Hill Limestone that contains abundant
potassium feldspar (12.1-23.9 normative percent) in car-
bonate beds that contain about 2.5-4.0 percent K,O;
Upper Cambrian carbonates contain similar abundances
(Buyce and Friedman, 1975, p. 814). Tester and Atwater
(1934) first recognized marine rocks that consist mainly
of authigenic potassium feldspar in Upper Cambrian and
Lower Ordovician strata in Minnesota. Subsequent
studies in Minnesota and Wisconsin of Upper Cambrian
and Lower and Middle Ordovician marine strata that are
enriched in potassium feldspar include those of Gruner
and Theil (1937), Berg (1952), Weiss (1954), Woodard
(1972, 1974), and Odom (1974). The potassium-rich in-
tervals described by these investigators are less than about
10 m thick for Minnesota (Berg, 1952) and Wisconsin oc-
currences, although Bowie and others (1966) reported in-
tervals as much as 16 m thick that average 9.5 percent
K,O in Lower Cambrian marine strata of northwest
Scotland.

The Proterozoic Dripping Spring Quartzite in Gila
County, Ariz., contains marine strata as thick as 34 m
that consist predominantly of potassium feldspar and
contain as much as 14 percent K,0 (Granger and Raup,
1964; Nutt, 1981).

We recently recognized shale beds consisting chiefly
of authigenic potassium feldspar in the Upper Cambrian
Deadwood Formation in the Black Hills of South
Dakota; chemical composition is given in table 1. Barnes
and Bell (1977) described abundant authigenic potassium
feldspar that constituted more than 60 percent of the sand
and silt fraction of the Franconian Point Peak Member
of the Wilberns Formation (Upper Cambrian) in west-

central Texas. The Point Peak Member is as much as
60 m thick, but it is limestone in the upper half (Barnes
and Bell, 1977, p. 23). '

Thus three widely separated marine basins of Late
Cambrian age in Missouri, South Dakota, and Texas have
high contents of authigenic potassium feldspar. We sug-
gest that the potassium feldspar in these strata formed
by the process suggested by Sheppard and Gude (1973):
vitric volcanic ash in a diagenetic environment of high
pH was chemically modified to potassium feldspar.
Determining whether these marine strata with very high
contents of potassium feldspar represent single or multi-
ple volcanic events requires further detailed investiga-
tions, including paleontological, isotopic, mineralogical,
and chemical studies.

The Davis Formation, which is more than 60 m
thick where it is chiefly noncarbonate (Thacker and
Anderson, 1979a), is certainly the thickest Paleozoic for-
mation on the North American craton that has authigenic
potassium feldspar as the principal noncarbonate mineral.
If the precursor were volcanic ash, the volcanic event or
events might have had significant effects on the biota,
as well as on sedimentation.

CHEMICAL AND MINERALOGICAL
CHARACTERISTICS OF MARINE STRATA
WITH A MAJOR AUTHIGENIC POTASSIUM
FELDSPAR COMPONENT

We have used a simple chemical method for the
recognition of marine strata that contain more than
about 50 percent of potassium feldspar that is authi-
genic. Figure 7 illustrates the chemical method that
uniquely identifies strata (or their insoluble residues)
that are rich in authigenic potassium feldspar, by plot-
ting K,0:Na,O ratios. The six circles for Upper Cam-
brian Franconian strata on figure 7 include one analysis
by Berg (1952) for the Franconia Formation in Minnesota
and five analyses of Upper Cambrian strata of the pres-
ent study from table 1. Points on figure 7 for the Precam-
brian Dripping Spring Quartzite in Arizona are from Nutt
(1981). For Ordovician samples, two are from Minnesota
and Wisconsin (Gruner and Thiel, 1937; Woodard, 1972).
Five points for Ordovician strata in New York (fig. 7)
are from data obtained on insoluble residues (Braun
and Friedman, 1969, table 2). It is noteworthy that even
the most potassium-rich illites studied by Weaver (1967)
have a maximum K,0:Na,O ratio of about 7 and a max-
imum K,O content of about 6 percent. Because of the
presence of analcime (Na-rich) and other zeolites in
samples consisting mainly of authigenic potassium
feldspar in lacustrine basins (Sheppard and Gude, 1965),
the K,0:Na,O values are 40 or less for bulk samples.
Data for these are not shown.
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Precambrian, Cambrian, and Ordovician authigenic-feldspathic
shales and siltstones in the midcontinent and Western United
States and for insoluble residues from Ordovician carbonates
of New York.

Our studies by X-ray diffraction methods of either
bulk samples or insoluble residues that consist mainly of
authigenic potassium feldspar have the pattern of ortho-
clase (monoclinic potassium feldspar) for marine strata
that have not been exposed to temperatures above about
150-200 °C.

ORIGIN OF AUTHIGENIC POTASSIUM
FELDSPAR IN MARINE STRATA

Several mechanisms have been proposed for the in-
place growth of orthoclase in the Cambrian and Ordovi-
cian strata of the midcontinent region of the United
States. Tester and Atwater (1934) suggested that the
authigenic potassium feldspar is a normal product of con-
solidation and cementation in these marine strata. Gruner
and Theil (1937) considered that it grew at the expense
of, or during dissolution of, ‘‘clayey material.”’ Berg
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(1952) thought that detrital feldspar served as a nucleus
for growth of orthoclase overgrowths, but also that
authigenic crystals formed in pore spaces and filled the
interstices between the detrital quartz grains. Weiss (1954)
was the first proponent of an ultimate origin related to
volcanic ash; he showed orthoclase replacing a
brachiopod shell and believed that the host Cambrian
strata were the product of feldspathization of bentonite
derived from volcanic ash. Hay (1966) suggested reaction
of the zeolite clinoptilolite to form potassium feldspar
in Ordovician marine tuffs in Minnesota. Woodard (1972)
called on direct precipitation of potassium feldspar from
sea water due to high concentrations of amorphous silica.
Odom (1974) believed that the material described by
Woodard (1972) was the result of authigenic overgrowth
on detrital feldspar and that the illite (once present) served
as a major source of potassium, aluminum, and silicon.

We generally agree with Weiss (1954) that volcanic
detritus was the main precursor to the development of
potassium-rich beds in the lower Paleozoic marine strata
of the midcontinent, and we endorse a similar origin for
the Proterozoic occurrence in Arizona.
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By EDWARD A. DU BRAY

A description of the fundamental characteristics, including
mineral resource potential, of 13 peraluminous granite plutons in the
eastern and southeastern Arabian Shield
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Distribution, Petrology, and Mineral Potential of
Peraluminous Granitoid Plutons in the Eastern and
Southeastern Arabian Shield, Kingdom of Saudi Arabia

By Edward A. du Bray
Abstract

Thirteen peraluminous granitoid plutons in the eastern
and southeastern Arabian Shield constitute a suite that
resembles metallogenically specialized or S-type granites. Most
of these plutons are about 15 km? in areal extent, but several
are as large as 75 km2. Preliminary geochemical results in-
dicate that the plutons contain anomalous concentrations of
tin, tungsten, and other rare metals. Because of their ore deposit
potential, these plutons warrant significantly more study.

The plutons are composed of medium-grained, leuco-
cratic two-feldspar (nonperthitic microcline and albite) granite
and granodiorite, both having hypidiomorphic- to
xenomorphic-inequigranular textures. Biotite and muscovite
or Fe-Li mica are present in varying proportions. Almandine-
spessartine garnet (as much as 1 modal percent) is present in
seven of the plutons. Zircon, apatite, ilmenite, topaz, and
fluorite are the characteristic accessory minerals.

The major-element chemistry of these plutons is distinc-
tive relative to other granitoid rocks, in that they contain more
than 72 weight percent SiO, and low total iron, CaO, and
MgO and have a peraluminous index (molar Al,O,/
{Na,0+CaQ)) approaching or greater than 1.0. In addition,
the incompatible trace elements Be, Pb, Sn, Li, F, Rb, Y, and
Nb are significantly enriched in most of these plutons, whereas
the compatible elements Ba, Cu, La, Sr, and Zr are depleted
relative to global averages for granites.

Common lead isotope data suggest that most of these
plutons include a component generated by partial melting of
preexisting continental crust. Major-element chemical and
petrographic data are consistent with crystallization of these
plutons under conditions of Py,0 = 200~400 megapascals
(2-4 kilobars). Varying degrees of incompatible-element enrich-
ment and compatible-element depletion among the
peraluminous plutons indicate that they were derived from
compositionally dissimilar source terranes. Minimum melting
of four compositionally distinct source terranes could produce
the trace-element variation observed in the 13 plutons.

INTRODUCTION

Geologic investigations conducted throughout the
world have defined a set of petrologically similar

granitoid rocks (Streckeisen, 1976) known variously as
S-type, ilmenite-series, peraluminous, or metallogenically
specialized granites; these categories overlap in part.
S-type granites (Chappell and White, 1974) are character-
ized by

relatively low Na,O content,

greater than 1 percent CIPW normative corundum,

initial #Sr/%Sr ratios greater than 0.708,

high silica content,

irregular interelement variation within plutons, and

the presence of muscovite or other peraluminous

minerals.
In comparison, I-type granites (Chappell and White,
1974) are characterized by

relatively high Na,O content,

less than 1 percent CIPW normative corundum,

initial #Sr/%Sr ratios in the range 0.704-0.706,

broad compositional range,

regular interelement variation within plutons, and,

commonly, the presence of hornblende.
Ishihara (1977) has divided granitoid rocks into the
magnetite series and the ilmenite series. Magnetite-series
granitoid rocks contain easily recognizable magnetite and
many are similar to I-type granites, whereas ilmenite-
series granitoid rocks contain ilmenite but are practical-
ly free of opaque oxide minerals (Iess than 0.1 volume
percent) and many are similar to S-type granites. Granites
are peraluminous (Shand, 1949) when the peraluminous
index, molar (AlL,0,/(CaO+Na,0+K,0)), exceeds 1.
Metallogenically specialized granites are characterized by
incompatible-element (Cox and others, 1979, p. 336; Be,
Li, F, Pb, Rb, Y, and Nb) enrichment relative to global
granite averages, compatible-element (Sr, Ba, Zr, and La)
depletion, the presence of muscovite, and a high silica
content; and many of these granites are peraluminous
(Tischendorf, 1977).

S-type, ilmenite-series, and some peraluminous and
metallogenically specialized granitoid rocks were derived
from a source terrane that has undergone previous chem-
ical fractionation, and they may represent partial melt
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products from sedimentary or evolved igneous rocks. I-
type, magnetite-series, and nonmetallogenically special-
ized granitoid rocks are principally first-stage melts
generated from primitive material, and they have had lit-
tle if any interaction with the continental crust. S-type,
ilmenite-series, peraluminous, and metallogenically
specialized granitoid rocks share many characteristic
features. Most of these rocks, similar to those discussed
here, contain muscovite, but their most significant shared
trait from the viewpoint of economic geology is their fre-
quent association with deposits of tin and tungsten. The
association of ore deposits with these rocks has generated
considerable interest in their genesis and distribution
throughout the world.

The' present study area was defined by a recon-
naissance geochemical exploration of the eastern and
southeastern Proterozoic Arabian Shield (du Bray and
others, 1982). Thirteen peraluminous, metallogenically
specialized plutons were identified (fig. 1) that strongly
resemble highly evolved plutons located elsewhere in the
world that are associated with tin, tungsten, and rare-
metal deposits. The Arabian Shield is already known for
its peralkaline granites (agpaitic index, molar
(K,0+Na,0)/Al,0,>1) (Drysdall, 1979; Stoeser and
Elliott, 1980). However, both peraluminous and peralka-
line plutons are volumetrically minor relative to the vast
number of calc-alkaline plutons that constitute about 40
percent of the Arabian Shield.

Geoscientists working elsewhere in the Arabian
Shield have reported muscovite-bearing plutons. Elliott
(1980, 1983), who studied the Gaharra alkali-feldspar
granite, was perhaps first to realize the significance of
muscovite-bearing plutons. Cole and others (1981) iden-
tified a muscovite-bearing stock in the northeastern Ara-
bian Shield that contains tungsten- and tin-mineralized
rock. Stacey and others (1983) reported muscovite-
bearing phases in the Ad Dawadimi batholith, located in
the central Arabian Shield, northwest of the study area.
Stoeser (1983) reported muscovite with and without
garnet in several trondhjemitic plutons located in the
southern Arabian Shield, and Sable (1982) discussed two
muscovite-bearing monzogranites that crop out close to
the Saudi Arabian-North Yemen border.
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AGE AND SETTING

The peraluminous granitoid rocks appear to be
among the youngest plutonic rocks exposed in the Pro-
terozoic Arabian Shield. They intrude andesitic and
dacitic volcanic and volcaniclastic rocks and molasse of
the Halaban and Murdama groups, respectively. Layered
rocks assigned to the Halaban group, intruded by coeval
dioritic rocks, were deposited between 800 and 700 Ma
and are thought to be part of ensimatic-arc terranes that
were successively accreted to the Arabian plate during its
cratonization (Greenwood, Anderson, and others, 1980;
Greenwood, Stoeser, and others, 1982). Rocks of the
Murdama group, intruded by batholiths composed of
granite, granodiorite, and tonalite, were deposited follow-
ing accretionary events at a time coincident with the
beginning of a collisional event, approximately 670 Ma
(Schmidt and others, 1979; Greenwood, Anderson, and
others, 1980; Greenwood, Stoeser, and others, 1982;
Stacey and Stoeser, 1983). Rocks of the Murdama and
Halaban groups were metamorphosed at greenschist- and
amphibolite-facies conditions during pluton emplacement
and have been deformed several times. No genetic rela-
tionship between the peraluminous plutons and rocks of
the Halaban and Murdama groups is apparent.

The 13 peraluminous plutons in the study area
(fig. 1) are between 3 and 75 km? in areal extent; the
average area is about 15 km2. The outcrop patterns of
the plutons range from circular to smoothly elliptical. The
shapes of the plutons, their intrusive relationships, and
the fact that they are free of postcrystallization deforma-
tional features suggest that they represent small, post-
orogenic, diapirically emplaced intrusions.

Geochronologic data also indicate that the plutons
were emplaced late during the development of the Ara-
bian Shield. Zircon separated from the Sabhah and
Sitarah monzogranites and from the Madha granodiorite
and dated by the U/Pb zircon method indicates ages of
605+ 5 m.y. (Stacey and others, 1983), 627+30 m.y. (J.S.
Stacey, oral commun., 1983), and 670+ 5 m.y. (Stoeser
and Stacey, 1983), respectively.

The peraluminous plutons of the eastern and
southeastern Arabian Shield are in an intracratonic set-
ting, similar to that of the muscovite-bearing granites that
crop out in Western North America (Miller and Brad-
fish, 1980). The latter plutons are located near the
inferred edge of Proterozoic crust, in an area that was
intensely deformed coincident with and immediately
preceding their emplacement. Likewise, the peralum-
inous plutons in the eastern and southeastern Arabian
Shield are located in an orogenic zone, and their em-
placement followed a hypothesized collision between
the Arabian plate and an unknown terrane to the east,
at a time coincident with the Pan-African thermo-
tectonic event (Clifford, 1970). The Hulayfah-Ad
Dafinah and Nabitah-Hamdah fault zones (to be referred

to collectively as the HNFZ) (fig. 1), along which are
numerous outcrops of ultramafic rocks, are the inferred
sutures; and the area affected by the collision was prob-
ably a broad zone that encompassed the peraluminous
plutons (Schmidt and others, 1979; Schmidt and Brown,
1982; Stoeser and others, 1982).

The 13 plutons are in two geographic assemblages.
One assemblage includes seven plutons in the northern
part of the study area (plutons 1-7, fig. 1, table 1), and
the other assemblage of six is located about 400 km to
the south. For the sake of later discussion, four of the
plutons in this latter assemblage (plutons 8-11, along or
west of the HNFZ; fig. 1, table 1) are called the Madha
assemblage plutons.

Plutons 1, 2, 4, and 6-13 do not contain xenoliths
of either wall rock or refractory residuum. Plutons 3 and
5 have locally stoped and engulfed large blocks of wall
rock, but there is no indication of chemical interaction
between these blocks and the enclosing rock, nor between
the other non-Madha assemblage plutons and the enclos-
ing wall rock. Plutons of the Madha assemblage, how-
ever, are characterized by localized mafic schlieren
layering, which suggests interaction with wall rock,
possibly including its partial assimilation.

PETROGRAPHY

Compositional and Textural Features

Most of the peraluminous plutons of the eastern
and southeastern Arabian Shield are alaskitic alkali-
feldspar granites, although some samples are syeno-
granitic, granodioritic, or trondhjemitic. Most of these
plutons are medium grained, hypidiomorphic to xeno-
morphic granular, and inequigranular seriate to equi-
granular, although some are subporphyritic. The
hypidiomorphic inequigranular texture that characterized
most of these rocks indicates simultaneous crystallization
of the feldspars and quartz. The petrographic features
of these plutons are summarized in table 1, and modal
data, obtained by counting between 400 and 700 points
on stained slabs averaging 60 cm? of surface area, are
summarized on figure 2.

The modal compositions of plutons 1, 3-7, and
12-13 cluster in the alkali-feldspar granite field (fig. 2).
Modes for plutons 2 and 8 plot in the monzogranite field.
Plutons 9-11 of the Madha assemblage are distinctly more
granodioritic than the remaining plutons.

Most samples contain subequal amounts of quartz,
plagioclase, and potassium feldspar, and from 0 to 5 per-
cent mafic silicate minerals (although the Madha
assemblage plutons contain significantly more plagio-
clase). The potassium feldspar is microcline character-
ized by gridiron twinning and is amazonitic in some
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Table 1. Petrographic characteristics of peraluminous granitoid plutons in eastern and southeastern Arabian Shield
[Locality numbers keyed to figures 1 and 2. N, number of samples on which mean () and standard deviation (o) are based. Tr., trace; leader (-), not present; a.f.g., alkali-feldspar granite]

1

Modal minerals Muscovite or

$861 'YoIeasay s9INUSIY [BIIUIW O} SUOHNGLIIUOD)

Locality number Texture and grain size N Quartz Microcline Plagioclase Biotite Fe-Li mica Garnet
and pluton X c X o X o X o X o X o
1 Sabhah a.f.g. Hypidiomorphic, inequigranular, 15 33 3 33 3 30 4 1 1 1 - -
medium grained.
2 Hawshah Hypidiomorphic, inequigranular 13 33 6 234 7 29 6 - 4 2 - -
monzogranite. to subporphyritic, medium
grained.
3 Sitarah a.f.g. Hypidiomorphic to xenomorphic, 30 33 7 235 8 29 5 - 3 1 - -
inequigranular to subporphyr-
itic.
4 Sahah a.f.g. Hypidiomorphic, equigranular, 15 36 5 38 5 23 5 1 1 1 -~ -
medium to coarse grained.
5 Tarban a.f.g. Hypidiomorphic to xenomorphic, 33 31 9 337 7 30 8 2 1 1 Tr.
inequigranular, medium
grained.
6 Kebad a.f.g. Hypidiomorphic, inequigranular, 4 27 5 25 5 44 4 Tr. 4 2 Tr.
medium grained.
7 Mahail a.f.g. Hypidiomorphic, equigranular, 4 41 5 17 1 38 6 ~ - 4 1 1 1
medium grained. :
8 Tafshah Hypidiomorphic, inequigranular, 6 32 5 31 9 35 7 Tr. 2 1 0.5 1
monzogranite. medium grained, gneissic.
9 Madha do- -= 5 29 10 13 5 53 11 Tr. 5 3 2 01
granodiorite.
10 Zayd Hypidiomorphic, equigranular, 9 30 6 21 7 48 8 Tr. 1 1 Tr.
granodiorite. medium grained.
11 Habbah Hypidiomorphic, inequigranular, 7 27 9 25 8 47 8 - - 1 1 Tr.
granodiorite. medium grained, pegmatitic.
12 Bwana a.f.g. Hypidiomorphic, inequigranular 13 234 6 339 7 23 9 - - 4 2 - -
to subporphyritic, medium
grained.
13 Gaharra a.f.g. Hypidiomorphic, equigranular, 19 32 7 28 5 35 7 Tr. 5 3 - -

medium grained.

1Accessory minerals (principally fluorite, ilmenite, and zircon) are <l percent in most samples.

2Indicates subporphyritic phase.

3Amazonite.



plutons. It is rarely perthitic, which indicates that condi-
tions favoring subsolvus crystallization of two alkali
feldspars prevailed during crystallization. The plagio-
clase is unzoned, polysynthetically twinned albite. Zir-
con, apatite, fluorite, ilmenite, and rarely topaz or
cassiterite are the accessory minerals identified in these
plutons.
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Figure 2. Ternary diagram showing average modal composi-
tions for 13 peraluminous plutons in the eastern and
southeastern Arabian Shield. Identification numbers refer to
the 13 plutons; locations shown in figure 1, petrographic data
in table 1. Composition boundaries after Streckeisen (1976).
A, Alkali feldspar; Q, quartz; P, plagioclase.

Characteristic Minerals
Muscovite and Fe-Li Mica

Muscovite or Fe-Li mica is characteristic of the
peraluminous plutons. It is interstitial, occurs as sub-
hedral to anhedral flakes, and appears to have nucleated
late in the crystallization process. It forms coarse inter-
growths and is in textural equilibrium with biotite. Sericite
is a common alteration product of plagioclase in some
of the plutons but is readily distinguishable from primary
micas.

Three species of primary mica were distinguished
on the basis of pleochroism. The most common of these
is colorless in thin section and is muscovite. This mica
attains the largest average grain size (2 mm) and has the
best crystal form of the three species observed. A second
type of mica, an Fe-Li mica, identified in the Bwana
alkali-feldspar granite and in the Tarban alkali-feldspar
granite, is colorless to light green or slightly bluish light
green. This coloration may be attributable to ferrous iron

substituting for octahedrally coordinated aluminum (Deer
and others, 1966, p. 203). A third type of mica, also an
Fe-Li mica, occurs in samples of the Sabhah and Sitarah
alkali-feldspar granites and the Hawshah monzogranite,
and displays colorless to light-brown pleochroism. It
typically includes numerous prismatic crystals of zircon
having distinctive pleochroic halos. The pleochroic
scheme and paragenesis of this mica most closely match
those described for zinnwaldite. The coloration is at-
tributable to ferric iron substituting for octahedral
aluminum (Deer and others, 1966, p. 203).

Biotite

Biotite is a nearly ubiquitous constituent of the
peraluminous plutons. In most samples it is subhedral to
anhedral, and interstitial. In thin section it displays light-
yellow to brown or reddish-brown pleochroism. Numer-
ous included prismatic crystals of zircon characterize the
biotite.

Textural relations and mineralogy suggest that a
reaction relationship between garnet and biotite existed
in seven of the plutons. The Mahail alkali-feldspar granite
and Habbah granodiorite, both garnet bearing, contain
no biotite. In the remaining five garnetiferous plutons,
biotite is in textural disequilibrium and was being re-
sorbed during the final stages of crystallization. These
observations indicate that garnet crystallized at the ex-
pense of biotite in a generalized reaction such as: biotite
+ MnO + ALO, + SiO, (from liquid) go to garnet +
muscovite. This reaction was first proposed by Miller and
Stoddard (1981) for the paragenesis of garnets observed
in leucogranites from the Old Woman-Piute Range in
southern California.

Garnet

Small, subhedral grains of apparently unzoned
garnet, from 0.10 to 0.50 mm in diameter, were identified
in seven of the plutons in amounts of as much as 1 modal
percent (table 1). The garnet has a remarkably similar ap-
pearance from one pluton to the next. Completely
isotropic¢ almandine-spessartine garnet forms light-rose-
colored grains containing few inclusions. The garnets
show no sign of resorption or alteration; however, a reac-
tion between adjacent grains of garnet and biotite, in-
volving the growth of garnet at the expense of biotite,
is commonly observed. The petrographic observations
suggest that the garnets nucleated from a silicate melt.
Garnet-bearing samples and plutons containing more
than 0.1 weight percent MnO are positively correlated
(tables 1-3). '
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Geochemistry
Garnets

Major-element analyses of garnet from three of the
peraluminous plutons were obtained by using an electron
microprobe (table 2). The garnets analyzed are mixtures
of the almandine, spessartine, and pyrope end members.

Garnets from the Mahail alkali-feldspar granite and the
Tafshah monzogranite are almandine rich, whereas
garnets from the Madha granodiorite contain approx-
imately equal proportions of almandine and spessartine
and are substantially enriched in the pyrope component
relative to garnets from the other two plutons.
Chemical zoning in the garnets is difficult to
demonstrate. Results of analyses made at the core and

Table 2. Electron microprobe analyses of garnets from three peraluminous plutons in eastern and southeastern Arabian Shield

[Analyses performed using an automated, six-spectrometer electron probe microanalyzer at U.S. Geological Survey, Denver, Colo. All analyses
made using a focused 5-um beam. Number in parentheses following core/rim designation, number of grains analyzed. Mean and standard
deviation () are listed in cases where more than one grain was analyzed. Leader (-), nil amount; a.f.g., alkali-feldspar granite}

Mahail a.f.g. Tafshah monzogranite Madha granodiorite Precisionl!

169584 169584 169620 169620 169635 (percent)

Core(2) Rim(1) Core(2) Rim(1) Core(3)
8i0, 35.91+0.5 36.24 36.56+0.40 36.94 36.96+0.28 0.62
Aly04 21.47+ .05 21.31 20.96+ .27 21.67 21.55+ .32 .55
FeO2 31.07+ .60 31.53 25.79+ .43 24.55 18.39% .36 .38
MnO 9.55+ .26 9.30 13.59+ .67 15.31 19.17% .21 .91
MgO 0.30+ .03 0.28’ 0.77+ .01 0.65 3.09+ .20 3.94
Ca0 .18+ .01 14 1.11+ .04 1.19 0.52+ .08 2.50
TiO0, .02+ .02 <.01 .02+ .02 .05 .13+ .04 47.3
Cr,05 .02+ .02 <.01 .01+ .01 .01 .01+ .01 88.9

Total-- 98.52 98.80 98.81 100.37 99.82
Formula proportions based on 12 oxygens
Si 2.9811 2.9992 3.0126 2.9943 2.9746
Al 2.1006 2.0781 2.0357 2.0704 2.0455
Fe 2.1571 2.1817 1.7772 1.6642 1.2353
Mn 0.6711 0.6521 0.9479 1.0508 1.3174
Mg .0370 .0349 .0944 0.0779 0.3704
Ca .0157 .0125 .0975 .1032 .0448
Ti .0014 - .0008 .0029 .0081
Cr .001 - .0005 .0004 .0014
End members, molecular percent

Almandine—---- 74.9 75.8 60.9 57.4 41.8
Spessartine--- 23.2 22.6 32.5 36.3 44,2
Pyrope—-——————- 1.3 1.2 3.2 2.7 12.5
Grossularite—--— 4 4 3.3 3.4 1.1
Andradite-—--- .1 - .1 .2 A
Uvarovite——--—- .1 - - - .1

lAnalytical precision based on counting statistics given

indicated.

2Total iron as FeO.

20 Contributions to Mineral Resources Research, 1984

in percent of amount



the rim of garnets from the Mahail alkali-feldspar granite
are very similar, probably within the limits of analytical
uncertainty. Some small variation between the rim and
core of garnets from the Tafshah monzogranite is

suggested. The results suggest that the core is enriched
in the almandine and pyrope components relative to the
rim and that the rim is enriched in the spessartine com-
ponent relative to the core.

Table 3. Electron microprobe analyses of micas from three peraluminous plutons in eastern and southeastern Arabian Shield

[Analyses performed using an automated, six-spectrometer electron probe microanalyzer at U.S. Geological Survey, Reston, Va. All analyses
made using a defocused 10-15-um beam. Number following grain number (Gr.), number of analyses per grain. Mean and standard deviation
() listed when more than one grain analysis was performed. Leader (-), nil amount; a.f.g., alkali-feldspar granite]

Habbaah
Sabhah a.f.g. Bwana a.f.g granodiorite
169438 169625 169609 Precision!
Gr. 1(3) Gr. 2(1) Gr. 3(3) Gr. 1(3) Gr. 2(2) Gr. 1 (3) (percent)
8102 36.71+£0.39 35.73 36.67£0.52 38.69+2.40 42.86+0.04 45,20+0.29 1.44
A1203 21.59+ .03 21.48 21.55+ .28 21.49+1.64 22.24% ,21 43.06+ .18 0.78
2FeO 22.51% .42 24.74 24,23+1.09 17.51+3.22 16.38% .06 4.98: .36 1.33
MgO 0.07¢ .01 0.07 0.09¢ .01 0.08t .02 0.08% .01 1.24% .10 19.52
Cal .06+ .02 .04 .09+ .02 .04 .01 .02+ .01 0.01 - 31.14
Na,0 .28+ .02 .19 .25+ .01 .29+ .01 .22+ ,01 .30 .04 4.87
K20 9.29+ .05 9.24 9.41% .11 9.09% .23 10.02+ .17 10.90+ .08 1.86
T102 .23+ .05 .23 21+ .01 .10 .02 .14 - 47+ .01 16.92
MnO .58+ .03 .63 .63+ .01 .99+ .18 .98+ .01 .05+ .02 3.66
Ba0 .04 .04 - .05+ .04 .09+ .03 .09+ .01 .25+ .03 39.92
cl1 .09 .02 .09 .08+ .02 .03: .02 .03 - - 26.79
F2 3.49+ .18 3.43 3.28% .16 4,08 .17 4,02+ .21 .19 .14 6.25
34,0 2.07+ .05  2.09 2,21 .06 1.80¢ .21 2,09 .12 4,30+ .08
2
Total4 95.53 96.51 97.35 92.55 97.43 99.48
Formula proportions based on 12 (0, OH, F)

Si 2.93 2.86 2.90 3.10 3.22 3.08

Al 1.07 1.14 1.10 .90 .78 .92

Al .97 .89 .91 1.13 1.19 1.66
Fe 1.50 1.66 1.61 1.18 1.03 .28

Mg .01 .01 .01 .01 .01 .13

Ti .01 .01 .01 .01 .01 .02

Mn .04 .04 .04 .07 .06 -

Ca - - .01 - - -

Na .04 .03 .04 .04 .03 .05
K .95 .95 .95 .93 .96 .95
Ba - - - - - .01
F .88 .87 .82 1.04 .96 .04
Ccl .01 .01 .01 .01 - -

3on 1.11 1.12 1.17 .96 1.05 1.96

1Analytical precision based on counting

2Tot:al iron as FeO.

3Calculated for formula F+C1+OH=2.0 for a 12 (0, OH, F) formula.

ACorrected for F and Cl.

statistics given in percent of the amount indicated.
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Muscovite and Fe-Li Mica

Major-element analyses of micas from three of the
peraluminous plutons were obtained using an electron
microprobe (table 3). Sums of the oxides and of cation
occupancy in the octahedral sites in samples of mica from
the Sabhah and Bwana alkali-feldspar granites are low.
LiO,, which may be a principal component of these
micas, was not determined and may account for the low
totals.

The composition of mica from the Habbah grano-
diorite plots in the muscovite field (fig. 3) defined by
Miller and others (1981). As is characteristic of most
plutonic muscovite, this mica has low contents of total
Fe, F, and LiO,, and high H,O content relative to other
micas (Deer and others, 1962, p. 16-18). Muscovite in
the Habbah granodiorite, like mica in the Kebad, Mahail,
Tafshah, Madha, and Zayd plutons, is nonpleochroic;
the composition of muscovite in the Habbah granodiorite
is probably representative of the mica in these plutons.

Samples of mica from the Sabhah and Bwana
alkali-feldspar granites are compositionally similar to
zinnwaldite. The high inferred content of LiO,, high
contents of total Fe, MnO, and F, low contents of MgO
and H,O, and intermediate content of AL O, relative to
other micas are all characteristic of zinnwaldite (Deer and
others, 1962, p. 93). Compared to typical zinnwaldite,
however, mica from these two plutons is characterized
by slightly higher occupancy in the octahedral site and
by a slightly higher ratio of Al to Si (fig. 3). The
pleochroism observed in mica from these two plutons is
also characteristic of mica from plutons 2-5 and 13; the
composition of the zinnwaldite in the Sabhah and Bwana
alkali-feldspar granites is probably representative of that
in plutons 2-5 and 13.

Major Elements

Forty-three samples of the peraluminous plutons
were analyzed for their major-element composition.
These analyses and analyses for 11 other samples
(Delfour, 1979, 1980; Kanaan, 1979) were used to cal-
culate the average major-element composition of each
pluton (table 4, figs. 4-6). Data for the 54 samples are
presented by du Bray (1983a). The SiO, content ranges

from 72 to 78 weight percent and averages 75 weight per-

cent; the plutons are weakly to strongly peraluminous
(many samples contain more than 1 percent CIPW nor-
mative corundum); total iron, MgO, TiO,, and CaO
contents are very low. These chemical characteristics are
similar to those attributed to S-type granites (Chappell
and W