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Abstract. Hydrothermal convection initiated by emplace-
ment of the gabbro-syenite complex of Abu Khruq into
the Egyptian basement 89 Ma ago systematically altered
the trace element and isotopic compositions of the syenites.
The scale of Sr transport in migrating solutions was far
larger than the scale of Sr isotopic equilibration within
rocks. As a result, Sr exchange was heterogeneous in the
syenites, an effect which can be observed on three different
scales. Within grains of a single mineral species, heteroge-
neities are related to grain boundaries and microfractures
through which fluids migrated. Among minerals within
rock samples, heterogeneities are related to differences in
susceptibility to Sr alteration. Among samples within a sin-
gle unit, heterogeneous alteration is apparently related to
differences in permeability close to fracture zones.

During the early stages of alteration radiogenic Sr de-
rived from the country rocks was added to the syenites,
causing small net changes in concentration (5 ppm ave.).
Some Rb—Sr mineral isochrons from single rock samples
yield the emplacement age because isotopic equilibration
of this added Sr sometimes occurred within rock specimens.
However, regressions of the whole-rock Rb—Sr data yield
apparent ages that are about 10 Ma too old. Later stage
alteration involved larger changes in whole-rock Sr concen-
tration (45 ppm ave.) but had little further effect on the
isotopic relationships because the Sr was derived from co-
genetic gabbros rather than the country rocks.

Alterations of Rb, Sr, and Sr isotopic compositions are
not well correlated with changes in 80/!°0 ratio because
mineralogy played an important role in decoupling trace
element and oxygen isotopic alteration. In general, the ab-
sence of such correlations for whole-rock data is not diag-
nostic of rocks with unaltered trace element and isotopic
compositions. Mineral-scale Sr isotopic heterogeneities as-
sociated with grain boundaries and microfractures may be
the most unambigunous evidence of trace element mobility.

Introduction

Studies of the 80/!°0O and D/H ratios of igneous rocks
have demonstrated that hydrothermal alteration by circu-
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lating meteoric waters is common. Modifications of the
trace element and isotopic compositions of basaltic and
ophiolitic rocks during hydrothermal exchange have been
amply documented (McCulloch et al. 1981; Dickin and
Jones 1983; Spooner et al. 1977). Taylor (1977, 1978) has
shown that hydrothermal interaction with epizonal granites
may have profound effects on oxygen and hydrogen
isotopes. Other studies of granitic rocks have examined the
effects of hydrothermal alteration and assimilation/frac-
tional crystallization on trace element and isotopic compo-
sitions (Stuckless et al. 1981; Schleicher et al. 1983; Fleck
and Criss 1985; Johnston and Black 1986; Cathelineau
1987; Criss and Fleck 1987).

In some rocks which show pervasive hydrothermal alter-
ation of oxygen isotope ratios, there are no correlations
of 6180 with trace element contents or isotopic composi-
tions (e.g., 37Sr/®5Sr ratios). This lack of correlation some-
times is taken to indicate the absence of pervasive, systemat-
ic alteration of rock chemistry (Perfit et al. 1980; Walsh
et al. 1979). Walsh et al. (1979, p. 99) found that “correla-
tions of 180 with other major and trace element data
and 87Sr/®%Sr ratios are uniformly low ... thus it is unlikely
that the interaction of the rocks with meteoric water has
systematically altered the chemical (including Sr isotopic)
characteristics” of granites at the Isle of Mull.

The absence of a correlation between O isotopic and
trace element chemistry in whole-rock samples does not
rule out hydrothermal alteration on a smaller scale within
samples. For example, Dickin (1983) and Dickin et al.
(1980) have reported modification of Sr isotopic composi-
tions in samples associated with fractures in granites. Ap-
parently, hydrothermal fluid migration through permeable
zones facilitates trace element mobility in the rocks near
them. Cathelineau (1987) showed that trace element mobil-
ity during hydrothermal alteration may be controlled by
subsolidus mineral reactions and anionic complexing in the
fluid.

This paper presents data from the Abu Khruq complex
in Egypt that indicate that the Sr content and Sr isotopic
composition of alkali syenites were significantly modified
by hydrothermal exchange without producing obvious cor-
relations with 6 130. Significant changes in whole-rock trace
element concentrations occurred via the alteration of volu-
metrically small portions of mineral grains by reaction and
the development of diffusion rims or adsorption zones
along grain boundaries and microfractures. The effects of
hydrothermal alteration were controlled both by variations
in the permeability and differential susceptibilities of miner-
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Fig. 1. Geologic map of the Abu Khrug complex simplified from El Ramly et al. (1971). Unpatterned areas represent wadis (within

the complex) or basement rocks (outside the complex)

als to reaction and alteration. The most significant result
is that the role of hydrothermal processes in governing trace
element and isotopic compositions cannot, in general, be
deduced from measurements made on whole-rock samples
without regard to their mineralogy.

Geology of the Abu Khruq complex

The Abu Khrug complex is located in the Eastern Desert of Egypt,
roughly midway between the Nile River and the Red Sea. It is
a member of an alkaline province including complexes of similar
size, structure, and composition which crop out along the western
margin of the Red Sea in Egypt, Sudan, Ethiopia, and Libya (Nea-
ry et al. 1976; Vail 1976). These rocks represent episodic alkaline
magmatism which continued from the Cambrian to the Cretaceous
(Serencsits et al. 1981). Within the basement of the Eastern Desert
of Egypt there are at least fourteen major centers of associated
plutonic and volcanic activity and many smaller centers (El Ramly
etal. 1969a, b, 1971, 1979; El Ramly and Hussein 1985). The
Egyptian complexes typically consist of early undersaturated gab-
broic rocks of alkaline affinity, oversaturated and/or undersatu-
rated syenites, and alkaline trachytes or rhyolites. Chemical analy-
ses (ElI Ramly et al. 196%9a, b, 1971) suggest a composition gap
between gabbroic and syenitic rocks at all complexes.

Abu Khrug is a ring complex about 7 km across emplaced
into the Proterozoic basement about 85 km from the Red Sea
(Fig. 1). The geology of the central portion of the complex has
been mapped and described in detail by El Ramly et al. (1969a).
There are four major rock types: volcanics, gabbros (essexites),
quartz syenites, and nepheline syenites. On the basis of field rela-
tions the oldest rocks were the volcanics which formed a pile uncon-
formably overlying the basement gneisses and schists. The first
intrusive rocks were the gabbros, emplaced in irregular masses
beneath the volcanics. Syenites were then emplaced in several in-
complete rings, decreasing in age toward the center. Early syenites
were oversaturated to saturated while the latest, forming the core
of the complex, were undersaturated. Previous K — Ar work (Ser-
encsits et al. 1979) indicates that all intrusive units have ages of
89 Ma.

A continuous ring wadi separates the outer rings containing
most of the gquartz syenite from the inner ring of predominantly

nepheline syenite. El Ramly et al. (1969a) hypothesized that the
ring wadi is the trace of a major ring fault; however, not enough
is known about the stratigraphy of the volcanic sequence to estab-
lish the amount of subsidence, if any. The contacts between the
syenites and the volcanics they intruded are exposed both inside
and outside the ring wadi, suggesting that little relative movement
occurred after emplacement of the syenites.

The “quartz syenites” contain alkali feldspar (58-86%), quartz
(0-25%), alkali pyroxene (3-28%), and biotite (0-2%). The “neph-
eline syenites” contain alkali feldspar (50-83%), occasionally with
plagioclase cores, nepheline (1-36%), analcime and sodalite
(1-11%), alkali pyroxene (2-16%), and biotite (0-5%). Minor al-
kali amphibole, opaques, and apatite occur in both rock types.
The essexites are less well known from our samples but typically
consist of plagioclase (60%), biotite (20%), augite (10%), and
opaques (5%) with minor apatite, amphibole, and olivine (El
Ramly et al. 1969a). The modes of the samples analyzed are given
in Table 1.

Abundant petrographic evidence demonstrates that the syenites
and gabbro were affected by hydrothermal solutions. Feldspars
are always cloudy and sometimes sericitized; nepheline is com-
monly altered to analcime or a fine-grained micaceous product
(liebenerite), and quartz typically appears to be secondary. In the
most quartz-rich samples (E-62, E-63) granophyric intergrowths
of quartz and alkali feldspar suggest subsolidus replacement of
feldspar by quartz, although late magmatic eutectic crystallization
cannot be ruled out. However, the mineralogic alteration is not
extreme: sericitization is not the rule and usually both alkali pyrox-
ene and biotite have not been visibly affected. Low temperature
hydrothermal phases that might garner Sr, such as calcite, were
not observed in thin section.

Some samples of syenite, particularly those in the vicinity of
the ring wadi, are iron-stained. In thin section the red stain is
concentrated along planar zones in the feldspars, presumably in
microfractures or in grain rims. In outcrop, the intensity of staining
varies over distances of less than 100 m.

Sampling and analytical procedures

Although overall exposure of rock at Abu Khrugq is good the avail-
ability of fresh rock for isotopic analysis determined the sample
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Table 1. Modal compositions of Abu Khruq syenites

Sample F P Q Ne A B
E-1 82 5 13

E-11 86 3 10

E-21 78 10 12

E-22 83 12 2 2
E-23 86 12 0 1
E-29 69 28 2

E-30 83 16 0 1
E-31 77 20 2

E-61 83 12 5

E-62 69 5 26

E-63 58 15 27

E-65 76 19 6

E-2 64 13 21 1

E-3 70 11 13 4 1
E-3a 69 13 14 1 3
E-5 56 9 33 2

E9 80 6 8 i 5
E-25 83 14 2 1

E-26 68 15 15 3

E-27 57 9 32 2

E-28 63 16 16 5

E-69 50 8 36 6

E-70 52 8 26 11

E-71 67 2 28 3

F feldspar; P pyroxene; Q quartz; Ne nepheline; 4 analcime; B
biotite

distribution (Fig. 1). The nepheline syenites were sampled fairly
uniformly but the quartz syenites were taken primarily from a
crescent-shaped mass in the north. The quartz syenites in the inner
ring were collected from a small area on the western side.

Whole-rock samples of about 1 kg were crushed, a whole-rock
split was taken, and the remainder was separated by standard tech-
niques of mineral separation. Isotope dilution measurements for
Rb and Sr and ®7Sr/®°Sr analyses were made on 100-300 mg sam-
ples except in the case of some mineral separates when as little
as 20 mg was dissolved. #’Rb and 3*Sr spikes were added individu-
ally to each sample. The spiked samples were dissolved in concen-
trated HF and HC1O, prepared by non-boiling distillation. Rb
was precipitated directly as an alkali chlorate; Sr was purified by
ion exchange chromatography.

Isotopic ratio measurements were made at the University of
Pennsylvania on a 30 cm, 68° NBS-type mass spectrometer oper-
ated on-line by minicomputer. 87Sr/®6Sr ratios were measured on
the spiked samples; mass 85 was monitored to guard against
isobaric 87Rb contamination. All Sr measurements were normal-
ized to an %°Sr/®%Sr ratio calculated for the mixture of spike Sr
(SRM 988) and normal Sr with an 8¢Sr/*®Sr ratio of 0.1194.

The 87Rb/®6Sr ratios have uncertainties of 0.75%; ®7Sr/*°Sr
ratios have uncertainties of about 0.02%. Blanks were insignificant
for all analyses reported here. The ®7Sr/®%Sr ratios are reported
relative to a value of 0.71020 for the SRM 987 Sr isotope standard;
relative to this value, ten analyses of the E & A standard gave
an 87Sr/%%Sr of 0.707983 1-0.000014.

Oxygen isotope analyses were performed at the isotope geology
laboratories of the United States Geological Survey in Denver,
Colorado. Oxygen was liberated by the method of Clayton and
Mayeda (1963). Whole-rock and mineral samples of 10-20 mg were
reacted with BrFs at high temperature. Oxygen liberated was
reacted quantitatively with a Pt-heated graphite rod to form CO,,
which was analyzed on a double-collector mass spectrometer. Un-
certainties assigned to individual measurements of the '%0/*°O
ratio are 0.1%, (1 s.d.). Measurements are reported as delta values
per mil with respect to the SMOW standard.

Results

Rb and Sr concentrations and Sr and oxygen isotopic com-
positions of whole-rock and mineral samples are given in
Table 2. The gabbros are characterized by high Sr concen-
trations (670-920 ppm). The syenites have lower, highly
variable Sr concentrations: 7 ppm to 177 ppm in the quartz
syenites and 9 ppm to 220 ppm in the nepheline syenites.
Sr content is negatively correlated with modal proportion
of quartz and nepheline as expected from magmatic differ-
entiation (Table 3). Rb and Sr concentrations are negatively
correlated in both syenite units (Fig. 3) with much of the
variation originating as a result of differences between the
stained and unstained samples.

The whole-rock Rb—Sr data from both units are shown
on isochron diagrams in Fig. 2. The fit of each regression
is statistically poor and neither slope is thought to reflect
accurately the age of the samples. The initial ratios calcu-
lated at 89.5 Ma (see Discussion) range from 0.7028 (E-7)
to 0.7031 (E-10) in the gabbros; from 0.7033 (E-11) to
0.7106 (E-63) in the quartz syenites; and from 0.7032 (E-9,
E-25) to 0.7077 (E-70) in the nepheline syenites. The highest
calculated initial ratio is 0.7163 for a nepheline separate
from E-71. An anomalously low value of 0.6997 for a py-
roxene separate from nepheline syenite E-3 evidently results
from chemical alteration of the mineral, perhaps due to
weathering. The whole-rock initial ratios are strongly corre-
lated with Rb and Sr concentrations in both syenites (Table
3, Fig. 3).

The oxygen isotope compositions of the quartz syenites
(680 =4.5 to 6.7%,) and gabbros (6'*0=3.4 to 4.2%,) are
slightly depleted in 130 relative to “normal” rocks with
their composition (Taylor 1974). The nepheline syenites
(6180 =6.8 to 9.0%,) are not depleted in **0 and some
samples may be slightly enriched relative to “normal.” Rb
and Sr concentrations are not well correlated with §'%0
in either the quartz or nepheline syenites. A correlation
between initial ratio and 6120 is well-developed only for
the nepheline syenite samples (Table 3).

The patterns of Sr and oxygen isotopic variations
among minerals within individual rock samples are consis-
tent (Fig. 4). Most isotopic variations among samples of
a single phase are relatively small. However, analcime sepa-
rates are characterized by high and variable 620 values
(9.2-14.2%,) as might be expected from low temperature
exchange of silicate with meteoric water.

Discussion

Age of the Abu Khruq intrusives

The ages of the intrusive units are based on K —Ar and
Rb—Sr mineral data as summarized in Table 4. Serencsits
et al. (1981) obtained K — Ar biotite ages of 9042 Ma for
gabbro (E-64) and 89+2 Ma for the nepheline syenite (E-
3a). Rb—Sr data (Table 2) for these same biotites yield
ages of 89+4 Ma (gabbro) and 8742 Ma (nepheline sy-
enite). Thus, biotites from the oldest and youngest intru-
sions give concordant Rb—Sr and K— Ar ages which are
interpreted as dating the time of emplacement and crystalli-
zation of this small, shallow intrusive complex.

Mineral Rb—Sr data for a quartz syenite (E-21) and
two nepheline syenites (E-3a, E-69) yield regression ages
of 92+2 Ma, 88+2 Ma, and 93+6 Ma and are in agree-
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Table 2. Rb—Sr and oxygen isotope data for rock and mineral samples from Abu Khruq

Sample ppm Rb ppm Sr 87TRb/%Sr 87Sr /%Sy (37Sr/%%Sr), 6120
Nepheline syenites
E-2 R 104.2 12.57 24.00 0.73535 (5) 0.70483 (23) 6.3
E-3 R 103.7 49.56 6.056 0.71226 (4) 0.70456 (7) 8.3
F wh 98.99 10.89 26.30 0.73815 (6) 0.70740 (26)
Fr 72.08 37.79 5.519 0.71235 (5) 0.70533 (7)
P 85.31 22.40 11.02 0.71371 (8) 0.69969 (13)
E-3a R 117.3 9.37 36.227 0.75304 (14) 0.70697 (37) 7.7
F 113.5 7.15 45.926 0.76506 (26) 0.70666 (51) 7.5
B 523.0 1.22 1235.0 22343 (9) 25
N 62.95 17.19 10.59 0.72152 (7) 0.70805 (12)
A 11.84 10.99 3.116 0.71084 (21) 0.70688 (21) 11.4
E-5 R 98.87 11.64 24.58 0.73700 (15) 0.70575 (28) 7.6
E9 R 79.27 2231 1.028 0.70453 (2) 0.70322 (2) 7.2
E-25 R 49.59 77.45 1.853 0.70557 (5) 0.70321 (%) 6.7
F1 44.86 113.5 1.144 0.70434 (3) 0.70289 (3) 6.3
F2 58.40 60.25 2.805 0.70668 (3) 0.70311 (4) 7.3
E-26 R 124.9 44.31 8.156 0.71738 (10) 0.70701 (13) 8.6
E-27 R 113.2 28.97 11.31 0.72100 (8) 0.70661 (13) 9.0
F 7.6
A 23.07 61.33 1.089 0.70701 (4) 0.70563 (4) 14.2
E-28 R 161.2 23.14 20.15 0.73098 (12) 0.70535 (13) 7.7
F 210.1 26.04 23.35 0.73402 (3) 0.70432 (22) 7.7
A 62.59 24.88 7.280 0.71533 (3) 0.70607 (8) 11.1
E-69 R 88.15 13.53 18.86 0.72984 (7) 0.70585 (19) 8.7
F 8.1
P 24.16 6.62 10.56 0.71678 (5) 0.70334 (11) 4.8
N 84.20 8.10 30.09 0.74581 (4) 0.70754 (29) 9.0
A 9.84 17.25 1.651 0.70741 (5) 0.70531 (5) 13.3
E-70 R 121.0 23.79 14.72 0.72640 (10) 0.70767 (17) 9.0
E-71 R 98.50 10.52 27.09 0.74102 (8) 0.70657 (27) 8.7,9.1
F 8.1
N 91.09 3.69 71.34 0.80703 (15) 0.71631 (70) 8.2
A 9.2
Quartz syenites
E1 R 88.44 16.13 15.88 0.72742 (4) 0.70723 (16) 4.7
Q 4.8
F 4.2
E-11 R 84.96 177.5 1.385 0.70501 (3) 0.70326 (3) 6.4
E-21 R 88.67 18.01 14.25 0.72410 (7) 0.70597 (15) 4.5
Q 55
F 103.4 13.27 22.54 0.73434 (10) 0.70658 (24) 4.4
P 7.23 12.97 1.613 0.70734 (8) 0.70529 (8) 1.7
M 1.9
E-22 R 57.69 67.85 2.461 0.70729 (9) 0.70416 (9) 5.5
Q 6.5, 6.4
¥ 84.32 29.38 8.304 0.71548 (3) 0.70492 (8) 5.6
F wh 82.11 14.59 16.28 0.72628 (4) 0.70558 (16)
Fr 63.55 109.7 1.676 0.70574 (5) 0.70361 (5)
P 4.73 31.81 0.4299 0.70511 (5) 0.70456 (5) 3.4
E-23 R 88.43 26.54 9.641 0.71640 (7) 0.70414 (12) 6.6
F 6.6
E-29 R 78.64 15.04 15.13 0.72504 (5) 0.70579 (15) 5.6
E-30 R 49.94 100.9 1.432 0.70513 (4) 0.70331 (4 5.6
F 5.6
M 0.6
E-31 R 54.45 32.41 4.862 0.71034 (4 0.70416 (6) 4.8
F 41
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Table 2 (continued)
Sample ppm Rb ppm Sr 87Rb/%6Sr 87Sr/%6Sr (®7Sr/%%Sr), 6180
Quartz syenites
E-61 R 84.57 10.37 23.60 0.73748 (7) 0.70747 (24) 4.5
Q 48,59
F 3.8
P 1.8
E-62 R 107.5 7.75 40.14 0.76036 (12) 0.70932 (40) 5.8, 6.1
6.3,6.5
Q 5.7
F 148.7 6.41 67.16 0.79615 (3) 0.71075 (64) 4.3
E-63 R 149.7 6.70 64.67 0.79282 (7) 0.71058 (62) 5.5,5.5
Q 53,55
P 14.81 7.39 5.803 0.71349 (12) 0.70611 (13) 43
E-65 R 51.42 25.14 5.919 0.71319 (3) 0.70566 (6) 6.7
Q 6.4,7.0
P 49
Essexite gabbros
E-7 R 16.82 919.0 0.05297 0.70292 (4) 0.70285 (4) 4.2
F 4.5
E-10 R 12.56 904.2 0.04019 0.70316 (4) 0.70311 (4 3.4
F 5.3
P 3.33 44.43 0.2168 0.70341 (4 0.70313 (4) 49
E-64 R 13.91 668.1 0.06027 0.70301 (15) 0.70293 (15) 3.7,3.4
B 189.5 61.91 8.857 0.71411 (13) 0.70285 (16) 1.3

Initial 87Sr/3®Sr ratios calculated assuming an age of 89.5 Ma and a #’Rb decay constant of 1.42 x 10~ ** y~ 1. Uncertainties are estimated
at the one standard deviation level, and the uncertainty in initial ratio includes a 0.75% uncertainty in the 87Rb/®Sr ratio. Sample
types: R rock; Q quartz; F feldspar [r “red” (stained), w “white” (unstained)]; P pyroxene; N nepheline; 4 analcime; B biotite;

M magnetite. Oxygen values are given relative to the SMOW standard

Table 3. Spearman rank correlation coefficients (Kendall 1975)

Quartz syenites

Rb Sr (®"Sr/
8651‘)0 180 Q
Rb 1 —0.62 0.69 —0.04 0.70
Sr —0.62 1 —0.95 0.27 -0.59
(®7Sr/®%Sr), 0.69 —0.95 1 —0.26 0.74
180 —0.04 0.27 —0.26 1 —0.13
Q 0.70 —0.59 0.74 —0.13 1
Nepheline syenites
Rb Sr (®7Sr/
86S1), 80 Ne
Rb 1 —0.20 0.63 0.35 0.09
Sr —0.20 1 —0.49 —0.12 —0.50
(®7Sr/®%Sr), 0.63 —0.49 1 0.71 0.46
180 0.35 —0.12 0.71 1 0.54
Ne 0.09 —0.50 0.46 0.54 1

The 95% critical region for both quartz and nepheline syenites
is rg=0.497. (37Sr/%%8r), refers to the calculated initial ®7Sr/®6Sr
ratio; Q and Ne refer, respectively, to modal quartz and nepheline
content

ment with the K— Ar and Rb-Sr biotite ages. However,
the indicated initial 87Sr/¥®Sr ratios (0.7053, 0.7075, 0.7045)
are distinctly higher than the intercepts of the whole-rock
data (0.7035, 0.7039; see below). In sample E-21 the whole-

rock 6180 (4.5%,) is low relative to normal values, suggest-
ing interaction with meteoric water, and the mineral frac-
tionations (Table 2) indicate approximate oxygen isotopic
equilibrium at or just below magmatic temperatures. These
data document Sr isotopic heterogeneity among rock sam-
ples, as well as Sr isotopic homogeneity among coexisting
minerals in some rocks, at the time of crystallization.

It is unlikely that this consistent pattern of biotite miner-
al ages and Rb-Sr mineral isochrons involving biotite, feld-
spar, analcime, nepheline, and pyroxene are the result of
resetting substantially (several m.y.) after emplacement of
the Abu Khruq magmas. Instead, the data suggest that
all the units were emplaced within a short period of time
and cooled quickly, an interpretation supported by the low
temperature cooling history of Abu Khruq and the base-
ment complex revealed by fission track dates (Omar et al.
1987). For the discussion below, an age of 89.5 Ma is as-
signed to all units for the purpose of calculating initial ®7Sr/
86Sr ratios.

The Rb—Sr whole-rock data (Fig. 2) do not define ac-
ceptable isochrons because they show extreme scatter about
the best fit regression lines. The regressions yield ages of
about 100 Ma for both the quartz and nepheline syenites
but the MSWD values (Brooks et al. 1972) of 16 and 47,
respectively, indicate gross ““geological error.” Moreover,
these apparent “ages” are much too old relative to Rb—Sr
and K —Ar mineral dates which indicate a crystallization
age of about 89 Ma. The anomalously high whole-rock ages
are an example of systematic age shifts (Lutz and Srogi
1986) that resulted from Sr isotopic heterogeneity among
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Fig. 3. Variation of Rb concentration and initial 87Sr/®Sr ratio
vs. Sr concentration. Initial ratios are calculated for an age of
89.5m.y. Triangles represent quartz syenites; circles nepheline
syenites. Open and filled symbols represent unstained and red-
stained samples, respectively. The stained samples systematically
have higher Sr concentrations and lower 87Sr/®°Sr ratios

whole-rock samples produced by hydrothermal alteration
at the time of emplacement.

In summary, the intrusive units of the Abu Khruq com-
plex were emplaced within a short time 89.5 Ma ago. In
the remainder of the discussion *“37Sr/®6Sr ratio” will refer
to the initial Sr isotopic composition calculated for 89.5 Ma
ago.

Causes of isotopic heterogeneity

Heterogeneity of initial Sr isotopic composition among
minerals in the same rock sample is common for the Abu
Khruq syenites (Fig. 4). Pyroxenes in both the quartz and
nepheline syenites have the lowest initial ratios for phases

Fig. 4. Deviations in the Sr and O isotopic compositions of minerals
relative to the composition of the rocks in which they are found.
Symbols as in Fig. 3; letter codes as in Table 2. Minerals co-existing
in the same rock sample are connected by lines

within individual samples. Feldspars have initial ratios
greater than pyroxenes but lower than analcime or nephe-
line, where present. These isotopic heterogeneities could
have resulted either from a change in the isotopic composi-
tion of the magma during crystallization (e.g., progressive
assimilation) or from alteration of the rock aflter crystalliza-
tion (e.g., subsolidus hydrothermal alteration). In the
former case one expects that intermineral heterogeneities
will be correlated with the order in which phases crystallize
from the melt. The chemical compositions of the syenites
within petrogeny’s residua system suggest that feldspar war
the earliest crystallizing phase and that nepheline crystal-
lized together with feldspar. Pyroxene is xenomorphic with
respect to feldspar and nepheline, in accord with the obser-
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Table 4. Summary of geochronologic estimates for Abu Khruq
rock units

Data Age 87Sr/86Sr Source
(Ma) intercept
Gabbro
Rb--Sr E-64/R, B 89+2 0.70293 (15 1
K—Ar E-64/B 90+2 2

Quartz syenite

Rb—Sr 12R 100+2 0.70354 (29) 1
E-21/R, F, P 92+2 0.70529 (27) 1

F-T E-11/Z 90+4 3

Nepheline syenite

Rb—Sr 12R 98+3 0.70392 (60) 1
E-3a/R,F,N,A,B 88412 0.70746 (44) 1
E-69/R, N, A, P 93+6 0.70448 (118) 1

K—Ar E-3a/B 8942 2

R whole rock; B biotite; F feldspar; P pyroxene; N nepheline;
A analcime; Z zircon. All ages calculated with an ®’Rb decay
constant of 1.42x 1071 y~1 and the K —Ar constants given by
Steiger and Jager (1977). Rb—Sr regressions follow York (1969).
The fission track age is calculated using a fission decay constant
for 238U of 7.03 x 10717 y 1, References: 7 This study; 2 Serencsits
et al. (1981); 3 Omar et al. (1987)

vation that alkali pyroxene is a late crystallizing phase in
alkaline syenites (Deer et al. 1966). Magmatic assimilation
cannot explain differential contamination of feldspar and
nepheline together with consistently low initial ratios in late
pyroxene.

A characteristic feature of subsolidus alteration is that
its effect and degree is a function of the modal composition
of the rock because minerals have different susceptibilities
to hydrothermal alteration, different grain sizes, and differ-
ent concentrations of Sr and other trace elements. Low
87Sr/%°Sr ratios are typical of fresh pyroxene while higher
ratios are typical of more altered feldspar, and the highest
ratios are found for the most altered phase, nepheline. This
pattern, along with other evidence of subsolidus alteration,
indicates that hydrothermal modification was a major cause
of Sr and oxygen isotopic variation. The most simple expla-
nation of intermineral isotopic variations is that both sy-
enite magmas had low 87Sr/3®Sr ratios and that contamina-
tion by radiogenic Sr after crystallization was controlled
by the susceptibilities of the minerals to alteration by circu-
lating meteoric waters. However, because of the hydrother-
mal alteration it is impossible to ascertain whether assimila-
tion caused minor isotopic heterogeneities.

In addition to Sr isotopic heterogeneity among different
minerals there are also variations in initial Sr ratio within
individual mineral grains (as explained below). These are
interpreted in terms of a progressive decrease in the size
of domains over which isotopic equilibration or exchange
took place during hydrothermal modification. The smaller
domains reflect Jower temperatures of the later stages of
hydrothermal activity. In order to facilitate discussion,
“first stage” and “second stage” will be used to refer to
the chemical and isotopic characteristics associated with
intermineral and intramineral variations, respectively. It
cannot be demonstrated, nor is it suggested, that there were
actually two distinct stages of hydrothermal alteration.

R~y - —v--—

1/8r
Fig. 5. Schematic diagram showing the systematics of Sr addition
as defined in the text

The unstained syenites are interpreted as rocks that were
affected only by the first stage of alteration. The isotopic
data show that this stage occurred pervasively while the
second stage only overprints the first in stained samples.
The stained rocks developed when the pathways for fluid
migration were no longer penetrative on the scale of rock
samples and thus even samples close to one another were
affected differently. The second stage developed primarily
close to major structural contacts: the ring wadi and the
contact of the intrusive rocks with the country rocks.

The addition model

To facilitate the discussion of the variations of Sr concen-
tration and isotopic composition among rock samples and
within minerals we assume that the solutions which inter-
acted with the syenites acted as reservoirs of Sr and that
the minerals, except quartz, acted as sinks for Sr. Realisti-
cally, the situation must have been more complicated and
probably involved two-way exchange. However, the cou-
pled changes in Sr concentration and isotopic composition
caused by hydrothermal solutions at Abu Khruq can be
explained by one-way exchange. More complicated models
of exchange would yield second-order effects that the data
are insufficient to test adequately. The simple model is
called an addition model and is an alternative to a one-to-
one exchange reaction model which is often assumed for
oxygen isotope exchange.

The effects of Sr addition on Rb— Sr isochron relation-
ships have been considered in detail by Lutz and Srogi
(1986), and will not be reiterated here. However, the effects
of Sr addition on the systematics of initial ratio vs. 1/Sr
diagrams are developed below. Rb mobility plays no role
in the systematics in either case because the alteration oc-
curred simultaneously with formation of the Rb—Sr sys-
tems.

Changes in 87Sr/®5Sr ratio and Sr concentration as a
result of addition of Sr can be shown by plotting 87Sr/3°Sr
ratio versus the reciprocal of Sr concentration, 1/Sr, as
shown in Fig. 5. Points X, Y, and Z (open symbols) repre-
sent initial rocks with the same original 87Sr/®¢Sr ratio (R;)
but different Sr concentrations. Adding Sr with a constant
composition R, will cause the rocks to plot along trajecto-
ries similar to X-A in Fig. 5, and the distance along each
trajectory will be determined by the amount of Sr added
(Sr,). Lines of equal Sr, for a fixed R, must all pass through
the point (1/Sr=0, R=R;); their slopes will be given by



Sr, (R,—Ry). If X, Y, and Z take up the same amount
of Sr they will plot as collinear points x, y, and z (closed
symbols). The value of Sr, for any sample can be estimated
from the intersection of a line through the sample point
and (1/Sr=0, R=R;) with the line R =R, . Points for sam-
ples that have experienced addition of different amounts
of Sr will form a fan that will delimit the range of Sr,.
The amount added may be expressed as a ppm increase
in concentration.

First stage addition

Minerals in the unstained syenites are typically out of
isotopic equilibrium and the most easily altered minerals
have the highest ®7Sr/®5Sr ratios as discussed above and
shown in Fig. 4. Among the few samples in which minerals
appear to have equilibrated isotopically, the initial ratios
are high and variable (Table 4). The amount of Sr added,
on average, during the first stage can be estimated from
the original isotopic composition of the rocks (R;) and the
isotopic composition of the added Sr (R,). The initial ratio
intercepts of the whole-rock regressions provide an estimate
of R;. The York (1969) regression model is used for this
purpose since more sophisticated ““error-chron” treatments
are predicated on the assumption of a normal distribution
of “geological error” (Brooks et al. 1972) that cannot be
justified here. The initial ratios of the quartz and nepheline
syenites are statistically indistinguishable (Table 4) and av-
erage 0.7037. This value is only slightly higher than the
initial ratio of about 0.7030 implied by the cogenetic gab-
bros.

The highest calculated initial ratio of 0.716 for a nephe-
line separate from E-71 sets a lower limit on R,. Although
R, might have been higher or even varied, choosing this
lower limit yields the maximum estimates of the amount
of Sr added (Sr,). The 87Sr/%6Sr ratio of the added Sr (R,)
is higher than the original 37Sr/86Sr ratio of any rock type
within the Abu Khrugq complex and Sr with this composi-
tion could have been derived from the Precambrian granitic
gneisses and schists of the basement complex.

Only data from the unstained syenites are used to calcu-
late Sr,, as illustrated in Fig. 6. Values of Sr, for individual
samples range from 2 ppm to 13 ppm with an average of
about 5 ppm. Although the changes in Sr concentrations
were slight, the effects of Sr addition on isochron regression
relations were important. The model of Lutz and Srogi
(1986) suggests that regression of the whole-rock Rb—Sr
data could yield an age 10 m.y. too old, as suggested by
the difference between the mineral and whole-rock data.

The oxygen isotopic fractionations between minerals in
the unstained syenites are also variable. For example, in
the quartz syenites the fractionation between quartz and
feldspar varies from virtually 0%, (E-63) to 1.1%, (E-21);
and quartz-pyroxene fractionations vary from 1.1%, (E-63)
to 3.8%, (E-21). These differences may reflect different tem-
peratures of equilibration and different time-integrated
water/rock ratios. However, intramineral heterogeneities
occur in some of these mineral separates and any estimate
of the water/rock ratios or paleotemperatures based on
these data would have large uncertainties.

Second stage addition

In contrast to the pattern of intermineral variation of
87Sr/®°Sr ratios outlined above, intramineral variations sug-
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Fig. 6. Sr addition diagram for unstained syenites. The Sr concen-
tration of the rocks is plotted to be linear in 1/Sr as in Fig. 5.
Symbols as in Fig. 3. The limiting amounts of added Sr are based
on the assumption that the unaltered initial #7Sr/®6Sr ratio of the
syenites was 0.7037 and that the #7Sr/®®Sr ratio of the added Sr
was 0.716 (see text)

gest that Sr with a lower 87Sr/®6Sr ratio was strongly parti-
tioned into the rocks later in their hydrothermal history.
The change in the isotopic composition of the added Sr
was probably gradual as suggested by variations in the
isotopic compositions of the more altered portions of min-
erals from stained rocks.

Permeability-controlled alteration : stained vs. unstained sam-
ples. Portions of feldspar grains from a stained syenite (E-
22) were handpicked to form a “red” and a “white” sepa-
rate. The stained portions of the grains have Sr concentra-
tions more than seven times higher than the unstained por-
tions (109.7 ppm vs. 14.6 ppm) and much lower initial ratios
(0.7036 vs. 0.7056). Rb concentrations are lower in the
stained separate (63.5 ppm vs. 82.1 ppm). Several other
comparisons can also be made with analogous samples
showing this general pattern. Analyses of stained and un-
stained feldspar separates from E-3 show that “red” has
a higher concentration of Sr than “white” (37.8 ppm vs.
10.9 ppm), a higher initial ratio (0.7053 vs. 0.7047), and
a lower concentration of Rb (72.1 ppm vs. 99.0 ppm). The
pattern of Sr enrichment and Rb depletion is identical to
that in E-22 feldspars. A higher initial ratio in the E-3
“red” feldspar may have resulted from a gradual change
in Sr isotopic of the hydrothermal fluid from high ®7Sr/2Sr
ratios to lower ratios over time.

A similar relationship to that between stained and un-
stained feldspars is found between albite rims and perthite
cores in a nepheline syenite (E-25). The rims have more
Sr (113.5 ppm vs. 60.25 ppm), a marginally lower initial
ratio (0.7029 vs. 0.7031), and less Rb (44.9 ppm vs.
58.4 ppm). The development of the albite rim by subsolidus
rather than magmatic crystallization is suggested by a dif-
ferent 680 in the rims than in the cores (6.3%, vs. 7.3%.).
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Fig. 7. Sr addition diagram for stained and unstained pairs of sam-
ples to estimate the composition of added Sr during the second
stage. Symbols as in Fig. 3; letter codes as in Table 2; subscripts
indicate white (unstained) or red (stained) samples. For example,
3F,, is unstained feldspar from E-3, 25F, and 25F, are explained
in the text. The square symbols indicate averages for stained and
unstained whole-rock samples

The whole-rock sample has a slight red stain although none
could be recognized in either feldspar separate.

The pattern of mineral heterogeneities suggests that
stained rock samples are systematically different from un-
stained ones. A direct comparison can be made for E-3
and E-3a. These samples were collected from a spoil heap
at the end of a short adit and in situ they were probably
within 100 m of one another. They have nearly identical
modes (Table 1) but E-3 is stained while E-3a is not. E-3
contains five times more Sr (49.6 ppm vs. 9.4 ppm), less
Rb (103.7 ppm vs. 117.3 ppm), and a lower initial ratio
(0.7046 vs. 0.7070) than E-3a. Stained syenites as a group
contain, on average, 38 ppm less Rb, 46 ppm more Sr, and
have a lower initial ratio (0.7041 vs. 0.7067). (To compare
stained and unstained samples the logs of the concentra-
tions are used because these data more closely follow a
lognormal rather than a normal distribution.)

The isotopic composition of Sr added during the second
stage can be estimated using the addition model (Fig. 7).
The range of R, inferred (0.7026 to 0.7056) is substantial
but R, was obviously lower than required by the first stage.
A range might be expected because staining need not only
have accompanied addition of Sr with the very lowest 87Sr/
86Qr ratio. The amount of Sr added cannot be estimated
directly but the difference in average Sr concentration be-
tween stained and unstained syenites suggests that Sr, may
have averaged 45 ppm.

The relatively large amount of added Sr with a low
87Sr/898r ratio combined with the restricted spatial distribu-
tion of the stained rocks suggest that the essexite gabbros
within the Abu Khruq complex were the source of most
of the Sr added during the second stage. The gabbros have
an average initial ratio of 0.7030 and were little affected
by the first stage addition of radiogenic Sr because of their
high Sr concentrations (830 ppm on average). Enhanced
mobility of Sr derived from gabbros during the second stage
was probably related to formation of, or additional move-
ment on, ring faults along which the gabbros and stained
syenites crop out.

Large changes in Sr concentration during the second
stage had little further effect on the Rb— Sr isochron sys-
tematics because the added Sr had an isotopic composition
similar to the original isotopic composition of the syenites.
A similar situation is described by Criss and Fleck (1987)
for rocks in the Bitterroot lobe of the Idaho batholith.
There the external sources of Sr were isotopically similar
to the original compositions of the rocks being emplaced.

Second-stage hydrothermal alteration was heteroge-
neous and confined to zones of enhanced permeability as
revealed by staining. On a large-scale, these zones developed
close to fractures and ring faults. Within affected rocks,
staining of mineral grains (indicating permeable zones) was
associated with microfractures and grain boundaries.

Mineralogically-controlled alteration: quariz vs. nepheline
syenites. Despite marked differences in mineralogy, both
quartz and nepheline syenites have similar chemical charac-
teristics. For example, both syenite types have positive cor-
relations between Rb concentration and 87Sr/%¢Sr ratio and
negative correlations between Sr concentration and ®7Sr/
86Sr ratio. However, plots of Rb vs. Sr and Sr vs. initial
ratio (Fig. 3) show that these correlations result largely
from variation between stained and unstained samples, as
discussed above. The similarity of Rb— Sr behavior in both
syenite types is due to the abundance of feldspar, which
makes up from 50% to 86% of the mode. Most of the
Rb and Sr in the syenites is contained in feldspar; thus,
alteration of feldspar grains largely controlled the Rb—Sr
variations. Magmatic differentiation also played a role in
the behavior of Rb and Sr, as suggested by significant nega-
tive correlations of Sr concentration with proportion of
modal quartz and nepheline (Table 3).

The quartz and nepheline syenites differ with regard
to correlation of 180 values and initial 37Sr/%®Sr ratios:
a significant correlation exists only for the nepheline sy-
enites. Nepheline consistently has the highest calculated ini-
tial ratio of minerals in the nepheline syenites and was evi-
dently highly susceptible to Sr exchange. In addition, nephe-
line reacted at low temperatures to form ‘#0-enriched anal-
cime and there is a positive correlation between proportions
of modal analcime and modal nepheline (rs=0.48). Essen-
tially, the initial modal proportion of a single primary
phase, nepheline, affected the Sr and O isotopic alteration
to a significant extent. In contrast, there is no corresponding
phase in the quartz syenites: quartz accounts for a substan-
tial portion of the oxygen budget but has a negligible effect
on the Sr budget. Clearly, mineralogy plays an important
role in either augmenting or diminishing the decoupling
of trace element and oxygen isotopic alteration.

Intramineral heterogeneity in 5120

Two quartz separates from each of two samples (E-61, E-
65) were prepared with different purities (98% and >99%).
In each case the purer sample was significantly enriched
in 180, in the case of E-61 by 1.1 per mil. The difference
in 180/1%0 ratios cannot be explained by removal of any
impurity: its isotopic composition would have to be far
outside the range of naturally occurring 180/1°0 ratios in
minerals. The rims of mineral grains are preferentially in-
corporated in compound particles with adjacent phases
when the rock is disaggregated. Removing compound parti-
cles from a separate, therefore, depletes it in grain rims.



The differences between quartz separates indicates a rim
of *80-depleted quartz which formed by exchange with hy-
drothermal solutions at high temperatures.

Further evidence of oxygen isotopic heterogeneity
comes from samples E-62 and E-63. The measured quartz-
feldspar fractionations are positive and since these rocks
consist mostly of feldspar it would be expected that the
whole-rock 6120 should be greater than §1%0 of feldspar
but close to it. However, the 6*80 of the rock samples
in both cases is greater than or equal to that of the quartz
separates from the same rocks. Therefore, some important
fractionation and loss of '30-rich grain rims must have
occurred during the mineral separation process. The large
variation of 6'%0 among four replicate analyses of E-62
might also be explained by the presence of extreme, fine-
scale heterogeneity in the rock sample considering the small
(10-20 mg) samples analyzed.

Statistically, there are no significant differences in 6 120
between stained and unstained rock samples or between
feldspar separates from stained and unstained samples
(Fig. 4). The scale of oxygen isotope exchange was evidently
limited at the temperatures at which the second stage alter-
ation occurred. Therefore, the differences between the § 180
values of the quartz and nepheline syenites predated the
second stage of alteration. This suggests that the large
changes in Sr concentration and isotopic composition dur-
ing the second stage were nearly independent of changes
in oxygen isotope composition of the rocks.

Some of the differences in oxygen isotopic composition
between quartz and nepheline syenites may be related to
specific differences in mineralogy: analcime in nepheline
syenites may have 680 values as high as 14.2%, (E-27),
while no similarly enriched phase exists in the quartz sy-
enites. However, the small amounts of analcime observed
in thin section, averaging about 3%, cannot account for
the entire difference. Some differences are clearly not re-
lated to analcime: §'%0 values of feldspar separates from
unstained nepheline syenites average 7.8%, while those from
unstained quartz syenites average 4.8%,. Three factors, or
some combination of them, could be responsible for the
differences between the feldspars: 1) the quartz and nephe-
line syenite magmas had different *30/10 ratios; 2) the
quartz syenite experienced more alteration because it was
emplaced before the nepheline syenite; or 3) the units were
affected by hydrothermal solutions with different oxygen
isotopic compositions. The data are insufficient to ade-
quately test any of these hypotheses, however.

Summary of hydrothermal effects

The Abu Khrugq intrusives experienced hydrothermal alter-
ation typical of epizonal rocks: the feldspars are cloudy
and sometimes sericitized and nepheline has been partially
altered t0 analcime. The quartz syenite and gabbro are
slightly depleted in '®0 as a result of high temperature
interaction with meteoric water at the time the rocks
formed. The nepheline syenite has nearly “normal” §180
values, but anomalously “heavy” analcime suggests that
the whole-rock 6'°0 values resulted from compensating
effects of both high- and low-temperature alteration. The
overall degree of alteration of mineralogy and whole-rock
oxygen isotopic compositions at Abu Khrug is not extreme.

Chemical and isotopic variations related to hydrother-
mal alteration are observed on three different scales: among
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rock samples, among the mineral species within rock sam-
ples, and within mineral grains. Intramineral variations are
superimposed on intermineral variations and suggest that
the effects of alteration were not uniform, reflecting, among
other things, a change in the source of Sr carried in solution.

The susceptibilities of the minerals to alteration were
important factors causing isotopic heterogeneities. Consis-
tent patterns of disequilibrium suggest that radiogenic Sr
was added to the syenites during the first stage of alteration.
The country rocks were the only conceivable sources for
Sr with a high 87Sr/*¢Sr ratio 89.5 Ma ago and thus the
scale of St transport must have been on the order of kilome-
ters. However, since minerals within most rock samples did
not equilibrate the scale of equilibration must have been
much smaller, on the order of centimeters, or less.

The average change in Sr concentrations of rock sam-
ples during the first stage was only about 5 ppm but there
were nevertheless significant effects. The most important
was a systematic change in Sr concentration and #7Sr/%5Sr
ratio at the time of alteration which had the effect of in-
creasing the apparent Rb—Sr whole-rock age of the sy-
enites.

The second stage of alteration is observed in both quartz
and nepheline syenites located near the major ring fractures
where fluids could percolate most easily through faulted
rock. Increases in Sr concentrations and decreases in Rb
concentrations and ®’Sr/®¢Sr ratios occurred in portions
of minerals along grain boundaries or microfractures. For-
tuitously, portions of rocks and minerals affected during
this stage have iron stains: the superposition of low temper-
ature effects on high temperature effects would not have
been recognized otherwise. The source of Sr in the hydro-
thermal solutions during the second stage was the gabbro
unit which crops out close to the ring fractures.

During the second-stage alteration, Sr and oxygen
isotopic compositions were decoupled: Sr added to grain
rims changed the whole-rock Rb—Sr systematics signifi-
cantly whereas modification of oxygen isotopic composi-
tions within rims had little effect on the rocks. Thus, the
whole-rock 3'°0 values are not consistently well correlated
with Rb or Sr concentrations in either the quartz or nephe-
line syenites. Oxygen isotopic compositions of whole-rock
samples are not good measures of trace element and Sr
isotopic alteration at Abu Khruq.

Conclusions

Common effects of hydrothermal alteration associated with
continental igneous rocks are replacement of primary anhy-
drous mineralogies by hydrous assemblages, ore mineraliza-
tion, or depletions (high temperature) or enrichments (low
temperature) in '®0. Accordingly, some studies have as-
sumed that extreme alterations of igneous chemistry should
be associated with extreme mineralogic or oxygen isotopic
alteration, and that the absence of correlations between
chemical, isotopic, and mineralogic compositions indicate
that hydrothermal alteration did not affect the igneous
chemistry.

The results from Abu Khruq suggest that correlations
between ¢'%0 and trace element concentrations are not
likely to occur in rocks which have experienced both high
and low temperature hydrothermal alteration. Sr can evi-
dently be partitioned strongly into feldspar at low tempera-
tures such that the Sr concentrations of whole-rock samples



222

are significantly affected. On the other hand, '80 enrich-
ments or depletions at low temperatures are confined to
volumetrically minor portions of grains and the effects on
whole-rock 6180 values are likely to be small.

The effects of hydrothermal alteration on Sr isotope
ages are systematic, not random. The mismatch of scales
of Sr transport and isotopic equilibration demonstrates a
potentially important effect of subsolidus alteration: addi-
tion of radiogenic Sr forms correlations between Rb/Sr ra-
tios and 37Sr/®5Sr ratios and the present-day Rb— Sr rela-
tions of whole-rock samples are not age significant. The
theoretical explanation of such “age shifts” is presented
elsewhere (Lutz & Srogi, 1986) but, in general, age shifts
are expected from subsolidus Sr alteration. Significant shifts
may occur even when the amounts of Sr added are small
and are uncorrelated with the original Sr and Rb concentra-
tions. A consequence of inaccurate dating of rocks is that
petrogenetic interpretations based on calculated initial ®’Sr/
86Sr may be in error. Any isotopic variations which may
have originally existed can be obscured or distorted by sub-
solidus alteration.

Analyses of minerals from the Abu Khruq syenites were
crucial to understanding the nature of the alteration process
and its effects. The rims of minerals, or the edges of micro-
fractures within them, are the primary sites at which interac-
tions between rock and fluid take place. Depending on the
history of the hydrothermal event, mineral-scale heteroge-
neities in trace element concentrations and isotopic compo-
sitions may develop within minerals grains. The chemical
variations in, and scale of, such heterogeneities are essential
to understanding the chemical variations in whole-rock
samples. This is especially true for minerals such as feldspar
which may contain substantial portions of the whole-rock
Sr budget.

The more highly altered rims of grains may be uninten-
tionally removed from mineral separates because they tend
to be concentrated in particles which are compound. Care-
ful control of the mineral separation procedure is required
to detect intramineral heterogeneities, especially since a
stain or other physical feature may not be characteristic
of grain rims.

A consequence of the decoupling of trace element and
Sr isotopic alteration of rocks from oxygen isotopic and
mineralogic alteration is that there is no effective way to
detect the chemical effects of hydrothermal alteration from
whole-rock samples alone. The possibility of subsolidus
chemical alteration should be considered whenever rocks
show any evidence of hydrothermal interaction. As a first
step, analysis of mineral separates must be done. Intramin-
eral variations in trace element concentrations which cannot
be explained by magmatic processes (e.g., high-Sr rims on
alkali feldspars) are the most unambiguous evidence of hy-
drothermal interaction.
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