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ABSTRACT 

Detailed oxygen, hydrogen and carbon isotope studies have 

been carried out on igneous and metamorphic rocks of the Stony 

Mountain complex, Colorado, and the Isle of Skye, Scotland, in 

order to better understand the problems of hydrothermal meteoric 

water-rock interaction. 

The Tertiary Stony Mountain stock ( ~ 1 .3 km in diameter), 

is composed of an outer diorite, a main mass of biotite gabbro, 

and an inner diorite. The entire complex and most of the 

surrounding country rocks have experienced various degrees of 
18o depletion (up to 10 per mil) due to interaction with heated 

meteoric waters. The inner diorite apparently formed from a 

low- 18o magma with 6
18o ~ +2.5, but most of the isotopic effects 

are a result of exchange between H20 and solidified igneous 

rocks. The low- 18o inner diorite magma was probably produced 

by massive assimilation and/or melting of hydrothermally al

tered country rocks. The 6
18 o values of the rocks generally 

increase with increasing grain size, except that quartz typically 

has 6
18 o = +6 to +8, and is more resistant to hydrothermal ex

change than any other mineral studied. Based on atom % oxygen, 

the outer diorites, gabbros, and volcanic rocks exhibit inte-

grated water/rock ratios of 0.3 ± 0.2, 0.15 ± 0. l, and 0.2 ± 0.1, 

respectively. Locally, water/rock ratios attain values greater 

than 1 .0. Hydrogen isotopic analyses of sericites, chlorites, 

biotites, and amphiboles range from -117 to -150 . 60 in bio-

tites varies inversely with Fe/Fe+Mg, as predicted by Suzuoki 
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and Epstein (1974), and positively with elevation, over a range 

of 600 m. The calculated oD of the mid-to-late-Tertiary mete

oric waters is about -100. Carbonate o13c values average - 5.5 

(PDB), within the generally accepted range for deep-seated 

carbon. 

Almost all the rocks within 4 km of the central Tertiary 

intrusive complex of Skye are depleted in 18o. Whole - rock 

o18o values of basalts (-7. 1 to +8.4), Mesozoic shales (-0.6 

to +12.4), and Precambrian sandstones (-6.2 to +10.8) system-

atically decrease inward towards the center of the complex. 

The Cuillin gabbro may have formed from a 18o-depleted magma 

(depleted by about 2 per mil); o18o of plagioclase ( -7. 1 to 

+2.5) and pyroxene (-0.5 to +3.2) decrease outward toward the 

marg ins of the pluton. The Red Hills epigranite plutons have 

18 
6 0 quartz (-2.7 to +7.6) and feldspar (-6.7 to +6.0) that 

suggest about 3/4 of the exchange took place at subsolidus 

temperatures; profound disequilibrium quartz -fel dspar fraction-

ations (up to 12) are characteristic. The early epigranites 

were intruded as low- 18o melts (depletions of up to 3 per mil) 

with 6
18o of the primary, igneous quartz decreasing progressively 

with time. The Southern Porphyritic Epigranite was apparently 
18 . 18 intruded as a low- 0 magma w1th 6 0 ~ -2.6. A good correla-

tion exists between grain size and 6
18 o for the unique, high-

18o Beinn an Dubhaich granite which intrudes limestone having 
18 13 a 6 0 range of +0.5 to +20.8, and 6 C of -4.9 to -1 .0. Th e 

60 values of sericites (-104 to -107) , and amphiboles, chlorites, 



vi 

and biotites ( -1 05 to-128) fr om the igneous rocks, indicate 

that Eocene surface waters at Skye had cO z - 90 . The average 

water/rock ratio for the Skye hydrothermal system is approxi 

mately one; at least 2000 km 3 of heated meteoric wate rs were 

cyc le d through these rocks. 

Thus these detai l ed i sotopic studies of two widely separ 

ated areas in dicate that (1) 18 o- depleted magmas are commonly 

produced in volcanic terranes invaded by epizonal intrusions ; 

(2) most of the 18 o- dep)etion in such areas are a result of 

subso lidus exchange (particularly of feldspars); however 

cor r elation of o18 o wi t h grain size is generally preserved only 

for systems that have undergone relatively min or meteor ic-

hydrotherma l exchange ; (3) feldspar and calc i te are the minerals 

most susceptible to oxygen isotopic exchange, whereas quartz 

is very resistant to oxygen isotope exchange ; biotite , magnet ite, 

and pyroxene have intermediate susceptibilities; and (4) bas 

altic country rocks are much more permeable to the hydrothermal 

convective system than shale, sandstone , or the crystalline 

basement complex. 
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Chapter 1 

INTRODUCTION 

1.1 Object of the research 

Taylor (1968) was the first to realize the full impor-

tance and extent of the high-temperature interaction of 

meteoric ground waters with intrusive igneous rocks, notably 

on his study of the Tertiary ring-dike complexes at Skye, 

Mull and Ardnamurchan, Inner Hebrides, Scotland. Taylor 

(1968) and Taylor and Forester (1 971) found that (l) essen-

tially all the rocks analyzed from these intrusive centers 

were low in 18o, and (2) the 18o fractionations among 

coexisting minerals were abnormal and therefore the mineral 

assemblage was not in oxygen isotope equilibrium . They con

cluded that these rocks had undergone interaction with heated 

meteoric waters, and pointed out that prime conditions for 

such an interaction would be shallow-level {epizonal) in-

trusions emplaced in a highly permeable country rock, such 

as the well-jointed plateau basalt flows of the Inner 

Hebrides. Hydrogen isotope studies by Taylor and Epstein 

(1968) confirmed these conclusions, and further 18o analyses 

approximately delineated the areal extent of low 18o rocks 

around intrusive centers in the volcanic fields of the San 

·Juan Mountains, Colorado (Forester and Taylor, 1972; Taylor, 

l974a), and the Western Cascade Range, Oregon (Taylor, 1971). 
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The above-described studies supplied little information 

concerning the detailed mechanism of meteoric water-rock 

interactions . Therefore, it is important to carry out com-

prehensive isotopic studies in a specific loca lity where the 

geology is well understood, but nevertheless complex enough 

to permit a wide variety of geological situations to occur. 

No such detailed investigations have yet been made on in-

trusive centers where there have been extensive interactions 

with meteoric ground waters. With the above criteria in 

mind, two areas were selected for detailed examination, the 

Scottish Tertiary igneous complex at Skye (Harker, 1904; 

Richey, 1961; Brown, 1969; Stewart, 1965) and a small gabbro

diorite pluton at Stony Mountain (Dings, 1941) in the San 

Juan Mountains . 

The objectives of the present study are to try to dis-

cern: 

(1) the timing of the meteoric water-rock interactions in 

terms of the geological events; 

( 2) 1 8 whether or not any mineral pair can be useful as an 0 

geothermometer in these types of geologic environments; 

(3) the relative suscepti bilities of the various minerals 

to isotopic exchange; 

(4) the effect of the water-rock interaction on mineralogy 

and texture; 
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(5) the optimum conditions necessary for the interaction, 

and the relative importance of the various geological 

variables, such as water/rock ratios, type of country 

rock, degree of fracturing, grain size of the min erals, 

mineralogy, etc.; 

( 6) the temperatures involved in this exchange process; and 

(7) whether or not the liqu id silicate melt was contaminated 

with meteoric waters, or whether the interaction took 

place entirely with solid rocks, together with an at

tempt to place semi-quantitative limits on the importance 

of both effects. 

1.2 Basis of the research 

There are essential ly two premises that provide the 

basis for this whole work: (1) o18o and 60 values in pri-

mary, unaltered igneous rocks are relatively constant 

throughout the world, and (2) meteoric waters and other 

surface-derived waters in general have o18o and 60 values 

that are in marked contrast to those in average igneous 

rocks. 

The 18o; 16o ratios of most igneous rocks of various 

ages throughout the world lie in the range 6 = +5.5 to 

+10.0 (Figure 1-1) . In striking contrast to these roc ks , 

some geologic complexes exhibit widely divergent and 
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1 8 abnormally low o 0 values, along with disequilibrium frac-

tionations between coexisting minera ls . These same complexes 

also exhibit abnormally low 80 values (Figure 1-2). These 

areas have, in general, two geologic features in common: 

(1) they occur in relatively young (usually Tertiary), highly 

fractured volcanic piles, and (2) these volcanic lavas have 

been intruded by epizonal plutons. The only way in which 

such low o-values could arise is through the interaction be

tween 'normal' igneous rocks and low- 18o, l ow -0, meteo ric 

waters. This thesis is an attempt to better understand the 

interaction, by examining several of these anomalous areas 

in detail. 

1.3 Isotopic variations in natural waters 

In the present type of study it is i mpor tant to have an 

understanding of the 1sotopic variations in natural waters 

that might be involved in igneous rock-water interactions. 

Much work has been carried out on natural waters during the 

last twenty years . 

Meteori c waters include rain, melted snow and ice , lakes 

and rivers; in other words, all fresh water derived from the 

atmosphere. Early work on the isotopic variations of water 

by Epstein and Mayeda (1953) and Friedman (1953) were followed 

up by Craig (1961), who showed that meteoric ground waters 
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exhibit excellent systematics, and can be described by t he 

equation 
oD = 8o18o + 10 (Figure 1-3). 

Because of liquid-vapor equilibrium fractionations in 

H2o, the water in an air mass is depleted in the heavy iso

topes of oxygen and hydrogen relative to the ocean from 

which it is derived. As the air mass moves inland across 

the continents and precipitation occurs, there is a progres

sive depletion in 18o and deuterium in the c lo uds because of 

these fractionation effects . On the continents these effects 

are refl e cted in the surface waters; the higher the elevation 

or latitude, the lower the 60 and a18o values of the waters. 

Figure 1- 4 represents a rough contour map for average oD 

values in North America. Note the marked topographic effect 

shown by both the Sierra Nevada a nd the Rocky Mountains. 

Those surface waters that plot off the meteoric water 

line (closed basins on Figure l-3) have undergone evaporation 

in arid climates, a process dominated by the kinetics of 

rapid molecular exchange between liquid and vapor (Craig et 

i.l_., 1963 ) . 

Present-day ocean waters are singularly uniform in 

their isotopic composition. Only in the areas of restricted 

circulation, suc h as the Red Sea where evaporation is an i m-

portant process (Craig , 1966) or where ocean water is con-

taminated by meltwater or river water discharge, will oceanic 
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Fi gure 1-4. Map of North and Central America showing the 
appro ximate average cO values of meteoric 
waters. Compilation after Taylor (1974b}, based 
on data of Freidman et a1. (1964}, Dansgaard 
{1964}, and Hitchon and~rouse (1972). 
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a -values differ significantly from those of mean ocean water . 

It is now well established that al most all geothermal 

waters in hot spring areas throughout the world are essen 

tially of surface origin. Craig~~· (1956) discovered 

t hat, compared with the local meteoric waters, near-neutral, 

chloride-type hot springs are characterized by an enrich ment 

in 18o, but have essentially the same hydrogen isotopic com 

position (Figure 1- 5). This was interpreted as an e xchange 

of oxyge n between the isotopically heavy country roc ks and 

the isotopically depleted ground waters. The country roc ks, 

having approximately 30 times less atom % hydrogen with re

spect to an equal volume of water , would have a negligible 

effect on the aD of the water, thus giving rise to the c har -

ac teristi c "oxygen isotope shift" shown in Figure 1- 5 (see 

also Craig, 1963; 1966). Isotopic patterns in the acid - type 

hot springs (Figure 1- 6) show similar features, but are ac -

companied by some systematic changes in 0/H ratios, a r esult 

of non-equilibrium kinetic effects in evaporation. 

The isotopic com positions of formation waters (Figure 

1-7) have been studied by Degens ~ ~· (1964), Graf ~ ~· 

( 1965), Clayton~~· ( 1966 ) , and Hitchon and Fried man (1969 ) . 

C la yton~~· (1966) co ncluded that the saline f ormation 

waters in the mid-continent region of North America are pre-

dom inantly of local meteoric origi n. They suggested that 

th e original co nna te wa te r s we r e fl us hed ou t dur i ng compac ti on 
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of the sedimentary section and cycling of ground waters. 

Hitchon and Friedman (1969) however, explained the formation 

waters as having originated by mixing connate (sea) water 

with surface waters. Exchange between limestones and water 

causes the main 180 shift, whi le exchange of deuterium be

tween H2S and water explains some of the oD variation. 

Another possible fractionation process that may account for 

part of the isotopic variations seen in Figure 1-7 is ultra

filtration (Coplen and Hanshaw, 1973). Note that some of 

these samples come from great depths (over 3.5 km}, and these 

waters represent direct evidence for the involvement of waters 

of meteoric origin in deep-seated geological processes. 

Those waters that have equilibrated with rocks at the P 

and T of metamorphism may be defined as metamorphic waters. 

Since we cannot directly measure this type of water, we apply 

an appropriate fractionation factor to the measured 0/H ratio 

in hydrous minerals of metamorphic rocks (see Figure l-2) and 

come up with the field shown in Figure l-7. The large varia

tion in o18o {+5 to +25) is mainly due to the high ly variable 

oxygen isotopic compositions of the metamorphic parent rocks. 

The oD values however, lie in the restricted range -20 to -65. 

Magmatic waters are those solutions that have equili

brated with igneous materials at magmatic temperatures. Se

cause most iqneous rocks have relatively uniform o18o and co 
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values (Fi gures 1-1 and 1-2) the field for primary magmatic 

waters i s s i milarly constrained (Figure 1-7). 

A fundamental problem exists in defining the oD range 

of H20 in natural silicate melts . If~ of the hydrogen 

in a silicate melt is ultimately incorporated into the hy

drous mineral phases that crystallize from the magma, then 

the oD value of .. magmatic water .. will be given by the bulk 

isotopic analyses of the minerals themselves. On the other 

hand, equilibrium mineral-water hydrogen isotope fractiona

tion factor s are roughly 0.975 at 700° C {Suzuoki and Epstein, 

1970) . Therefore the field of .. primary magmatic water .. 

shown in Fi gure 1-7 is here defined as the calculated water 

in equili br i um with the mi nerals of 'normal • igneous rocks 

at temperatures ~ 700 ° C. The H20 given off during the late 

stages of c rystallization of a water-rich magma would probably 

have su ch a oD value. 

1.4 Previous work 

Althou gh in disfavor until recently, the idea that me

teori c ground waters may have interacted with igneous intru

s ions and the i r asso c iated country rocks is not particularly 

new. It has long been thought plausible, for example, that 

meteoric waters have passed through hot igneous rocks and 

have given rise to geysers and hot springs. Lawson (1914) 
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and Van Hise (1902) argued for a ground water origin for the 

deposition of ores in and near intrusive bodies, but since 

that time, largely due to the influence of W. Lindgren, 

J.F. Kemp and other geologists, the magmatic origin of hydro

thermal ore deposits was almost universally accepted. 

The first clear-cut chemical evidence to indicate that 

meteoric ground waters were the principal constituents of 

almost all hot spring waters, and that abundant exchange had 

occurred with rocks, was that of Craig~~· (1956; see 

Sect. 1-3). 

Clayton~~ · (1968a) did an oxygen iso t ope st udy on 

the fine-grained sandstones and siltstones of the Colorado 

River delta in the Salton Sea geothermal area . They concluded 

that the carbonate and silicate minerals had exchanged oxy

gen with the local meteoric waters, and were in isotopic 

equilibrium at temperatures ranging from 340°C down to ap 

proximately 150° C. The fine-grained quartz, however, proved 

to be very resistant to oxygen isotope exchange and it only 

moved about 50 % of the way toward equilibrium at 340°C. Ap

proximately equal volumes of water and rock were involved in 

this exchange process. 

The first igneous rocks with anomalous o18o values at

tributable to exchange with meteoric waters were found by 

Taylor and Epstein (1963) in the chilled marginal gabbro of 
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the Skaergaard Intrusion, Greenland. The mineral assemblage 

in this rock was also found not to be in isotopic equilibrium 
18 because the plagioclase o 0 value was lower than in the co-

existing clinopyroxene. In addition, Garlick and Epstein 

(1966) also observed such 18o disequilibrium and attributed 
1 8 1 6 . the large variation of 0/ 0 found 1n various samples of 

hydrothermal quartz from Butte, Montana to the mixing of 

meteoric water with magmatic water. 

Taylor (1968) re-interpreted some of the conclusions of 

Taylor and Epstein (1963) on the Skaergaard Intrusion, sug-

gesting that meteoric ground waters had contaminated the 

later stages of crystal lization of the Skaergaard magma, thus 

producing the trend of 18o depletion as one moved upward in 

the Layered Series. He also suggested that the Precambrian 

Seychelles Is lands granite could have exchanged with meteoric 

waters, to explain its anomalously low o18o value of quartz 

(+4.1) and microperthite (+2.6). However, the main mass of 

data that led to a better understanding of low- 18o igneous 

rocks came from the Tertiary Igneous Complexes of Skye, Mull 

and Ardnamurchan of northwest Scotland. Taylor (1968) con

cluded that the optimum conditions for exchange between 

heated meteoric waters and igneous rocks could be met when 

well-jointed country rocks (e.g. plateau basalts) are in

truded by plutons at shallow depths of the earth•s crust . 
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These conditions were met in the Scottish Tertiary Igneous 

Province and Taylor (1968) postula ted that although most of 

the exchange took place after crystallization, some of this 

interaction was between meteoric waters and silicate melts. 

Taylor and Epstein ( 1968) gave further evidence for the 

interaction of meteoric waters with shallow-level igneous 

rocks by showing that the hydrous phases from these plutons 

are commonly depleted in deuterium relative to those in 

"normal" igneous rocks (see Figure 1-7). 

Sheppard et ~· (1969; 1971) and Sheppard and Taylor 

( 1973; 1974) presented strong isotopic evidence for the 

exis tence of a meteoric-hydrothermal component during the 

formation of the alteration assemblages in porphyry copper 

deposits. Th ey were able to distinguish between hypogene 

and supergene clay minerals, and showed that the oD and a18o 

va lues of the Tertiary clays exhibit a well defined correla 

tion with present-day oD and o18o values of meteoric waters. 

Shep pard ~ ~· (1969) emphasized that to clearly distinguish 

between magmatic- and meteoric-hydrothermal fluids, we need 

to go to areas where the local meteoric waters provide a 

strong 0/H contrast to 0/H ratios thought to be character-

istic of magmatic waters {aD ~ -50 

1970; see Figure 1-7). 

, Sheppard and Epstein, 

A pertinent 18o study on the Scottish Tertiary rocks by 

Taylor and Forester (1971) presented evidence that most of 
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the low- 18o rocks underwent exchange in the solid state, and 

that quartz was the most resistant, and alkali feldspar the 

least resistant, to isotopic exchange. This conclusion led 

to the realization that feldspar, being readily exchanged, 

can monitor hydrothermal effects, whereas quartz does not. 

Some of the other isotopic studies that have demonstrated 

the involvement of heated low- 18o meteoric waters with ig-

neous rocks include 8eckinsa1e (1974), Bethke~~· (1973), 

Eslinger and Savin (1973), Forester and Taylor (1972), Hall 

~ ~· (1973), Landis et ~· (1972), Matsuhisa et ~· (1972; 

1973), Muehlenbachs ~ ~· (1974), Ohmoto and Rye (1970), 

O'Neil et al. (1973), Sugisaki and Jensen (1971), Taylor 

( 1 9 71 ; 19 7 3 ) , T ay 1 or and Forester ( 1 9 7 3) , and Wenner and 

Taylor (1974). 

Rocks that have interacted with sea water have been de-

scribed by Robinson and Badham (1974), Robinson and Ohmoto 

( 1973), Ohmoto ~ ~· (1970) and l4enner and Taylor (1973). 

Formation waters were the dominant hydrothermal f~uids re-

sponsible for the Mississippi Valley deposits studied by Hall 

and Friedman (1969), Pinckney and Rye (1972) and Heyl ~ ~· 

( 1973). A review of these low- 18o occurrences is given by 

Taylor {1974b). 

Other than the many situations described above, which 

are all readily attributed to interaction with meteoric 

waters, there are only three other types of geologic occurrences 
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involving rocks with anomalously low- 18o; 16o ratios: (1) 

certain eclogites, (2) various rocks in contact-metamorphic 

skarns that are associated with decarbonation reactions and 

(3) low- 18o magmas. Several B-Type eclogites associated with 

migmatitic gneisses were shown to have o18o values as low as 

+1.5 (Vogel and Garlick, 1970). These low- 18o eclogites were 

interpreted as having formed from basaltic rocks which have 

previously undergone high-temperature exchange with ocean 

water or meteoric water, before being carried down into the 

mantle along a subduction zone. The group Ill A-type eclogites 

from the Roberts Victor kimberlite pipe have o18o values as 

low as +2.2 and have been interpreted as products of a pressure

dependent crystal-melt isotopic fractionation (Garlick~~· 

1971). Whatever their exact origin, it is clear that we do 

not yet have a proper understanding of these low- 18o eclo

gites . 

Unusually low- 18o;16o ratios are found in the calcsili-

cate skarns and rocks that are associated with decarbonation 

metamorphism. For example, wollastonite from an Adirondack 
18 skarn zone has a o 0 value of -0.9 (Taylor, 1969) . In 

these and other cases however, the geologic occurrence is 

usually sufficient to explain these low- 18o values as a pro

duct of decarbonation whereby the liberated co2 carries off 

oxygen enriched by roughly 5 per mil over the residual cal 

csilicate minerals (e . q. see Shieh and Taylor, 1969b). 



20 

The first evidence for the existence of low- 18o magmas 

was presented by Forester and Taylor (1972). They postulated 

that the inner diorite intrusion of the Stony Mountain stock 

in southwestern Colorado was emplaced with a o18o ~ +2.8. 

This requires exchanging an amount of meteoric water equal to 

abou t 25 % of that of the inner diorite silicate melt (based 

on atom % oxygen). 

Muehlenbachs et ~· (1974) and Muehlenbachs (1973) have 

reported o18o values as low as +0.4 for a pumice, and +2.8 

for a glassy obsidian from Iceland . Glassy, fresh volcanic 

rocks from Iceland leave little doubt about the existence of 

low- 18o magmas in nature. The main problem is the mechanism(s) 

through which these low- 18o melts are generated. Recently, 

Friedman~~· (1974) have described large-scale interaction 

betw een meteoric water and magma in ash-flow tuffs from 

Nevada, Colorado, and Yellowstone National Park. The o18o 

va lues of these magmas decrease as a function of time, indi -

eating continued contamination of the silicate melt. The 

effect has been to decrease by 2 per mil the original 'normal' 

o18o value of 7,000 km 3 of magma in 6 x 105 years. It seems 

like ly that all of these low- 18o magmas are also the result 

of some type of meteoric-water interaction, but the exact de

tails remain obscure. This problem is discussed in detail 

below . 
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Chapter 2 

THEORETICAL CONSIDERATIONS 

All isotopic analyses in this work are given in per mil 

in the familiar 6-notation, 

= ( 

Rsam:le - Rstandard ) 

standard 

where R represents the 18o1 16o, D/H or 13c1 12c ratio. The 

standard for oxygen and hydrogen is SMOW (Craig, 1961) while 

that for carbon is co 2 evolved from the Chicago PDB Belemnite 

standard by reacting it with 100% H3Po 4 at 25.2 ° C (Urey ~ Al· • 

1951; McCrea, 1950). 

The fractionation (or enrichment) factor a for two sub 

stances A and B is defined as aA-B = RA/R8 . We can the n write 

the relationship between a and o as 

= 
1000 + oA 

1000 + o8 

Theoretical calculations predict that for reactions among 

gaseous species lna follows a l/T 2 dependence at temperatures 

of geological interest, and most experimentally determined 

mineral - H2o fractionations also closely approximate a l/T2 

relationship. It is therefore convenient to report fraction-

ations as ~. defined here as 

= 
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~ote that, inasmuch as a is usually close to unity, we 

can use the first term in the power series 

1 n ( 1 + x) = X l/2 x2 + l/3 3 - X . . ' 
to give an appro ximate value for ~A-8 ~ oA - 08 . 

Throughout the te xt, the oD and o18o values of specific 

minerals will be given as o18oK' o18oQ' oDH 0, etc. where the 
2 

subscript identifies the mineral as defined in the abbrevia-

tions in Table 6-1. Note that o18o is the whole-rock o18o R 

value, and o18oH 0 is the o18o value of the H2o fluid (usually 
2 

a calculated value). 

2.2 Theory of isotopic fractionation 

Urey and Rittenberg ( 1933) were the first to point out 

the possibility of calculating isotopic equilibrium constants 

from spectroscopic data alone. Today most calculations of 

fractionation factors for isotopic exchange reactions are 

modeled after those of Urey (1947) and 8igeleisen and Mayer 

(1947), who related the mass-dependent vibrational frequencies 

to partition functions. 

Consider the exchange raction 

where X and Y are molecules which have a common element. 

Subscripts 1 and 2 denote that the molecule exclusively con

tains only the light or the heavy isotope respectively. The 
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equilibrium constant K for the reaction, at a specific temper-

ature is given by 

K 

where Q = statistical mechanical partition function. The Q's 

can be expressed in terms of the fundamental vibrational fre

quencies of the isotopic molecules involved. In general, 

K = a", where n is the maximum number of exchangeable atoms 

taking part in the isotopic exchange reaction. 

Bigeleisen and Mayer (1947) predicted that, at low 

temperatures, ln K would follow a 1/T dependence, while at 

high temperatures, ln K would vary as l/T 2 . At infinitely 

high T, K approaches unity. 

Note that oxygen isotope fractionation factors should be 

essentially pressure-independent, inasmuch as isotopic sub

stitution represents a practically zero volume change. This 

has been experimentally verified by Hoering (1961) on the 

bicarbonate- H
2
o system up to 4 kbs, and by Clayton~.!}_. 

(l972a) for calcium carbonate-H 20 to 20 kbs. This pressure

independent characteristic not only simplifies oxygen isotope 

studies in natural systems, but establishes it as a powerful 

tool in unravelling geochemical processes. 
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2.3 Oxygen isotope fractionations 

Experimentally determined mineral-H 20 oxygen isotope 

fractionation curves, as well as some empirically determined 

curves, are given in Figure 2-1. Fi gure 2-2 provides some 

calculated 18o; 16o fractionation curves of particular interest. 

The most sensitive mineral pair for oxygen isotope geother

mometry is quartz-magnetite (Figure 2-1), while quartz-

alkali feldspar fractionations are extremely insensitive at 

the temperatures of formation of igneous and metamorphic 

rocks . The most accurately known mineral-H 2o fractionation 

curves are those for feldspar-H 2o (O'Neil and Taylor, 1967), 

muscovite-H 20 (O'Neil and Taylor, 1969) and calcite-H 2o 

(O'Neil~ !l· • 1969). These systems equilibrate fairly 

readily, compared to quartz-H 20 and magnetite - H20 which in

volve experimental difficulties with respect to attainment 

of oxygen isotope equilibrium . 

2.4 Hydrogen isotope fractionations 

Some of the hydrogen isotope fractionations in silicate

H2o systems investigated to date are shown in Figure 2-3 , 

along with so me empirical curves for low-temperature mineral 

assemblages. Note that in general, the values of lOJO lna 

are much larger than those in the oxygen isotope systems. 

The results of Suzuoki and Epstein (1970; 1974; see 

Figure 2-3) demonstrate the importance of Mg, Fe and Al con-



25 

-- Experimental Calibrat ion Curve& 
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Figure 2-1. Experimentally determined equilibrium oxygen 
isotope fractionation curves for various mineral
H?O systems, along with some empirically derived 
and calculated curves . Com pilation is from 
T ay 1 or ( 1 9 7 4 b) . 
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Figure 2-2. Calculated equilibrium oxygen isotope 
fractionation factors as a function of 
temperature for C0 2-H 2o and co 2-calcite 
(Bottinga, 1968), SO-H 0 and CO -CO 
(Urey, 1947), togethe~ ~ith the ~xperi
mentally determined curve for liquid water
vapor water (Horibe and Craig, in Craig 
1963, solid line; Bottinga and Craig, 1968, 
dashed line). After Taylor (1974b). 

Figure 2-3. Equilibrium hydrogen isotope fractionation 
curves for various mineral-H 0 systems. 
For temperatures above 400 ° C~ the curve s 
are based on laboratory experiments of 
Suzuoki and Epstein (lg7o, 1974). For 
temperatures below 400 C, the curves are 
based on empirical extrapolations to esti
mated values at earth-surface temperatures 
(Savin and Epstein, 1970; Lawrence and 
Taylor, 1971; Wenner and Taylor, 1973) and 
on some preliminary laboratory experiments 
by Sheppard and Taylor &unpub. data, 1969) 
on kaolinite-H 20 at 300 C. After Taylor 
{1974b). 
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tents of the OH-bearing silicates on the 0/H fractionations. 

At a specified temperature, Al and Mg-rich minerals concen

trate deuterium relative to Fe-rich minerals. 

It is of interest to note that, because of the essen

tially parallel nature of the fractionation curves in Figure 

2-3, hydrogen isotope geothermometry on these silicate phases 

is virtually precluded. On the other hand, if we can obtain 

temperatures of formation by some independent means, the 

curves can be used to calculate the oD values of coexisting 

H20 at equilibrium. 



29 

Chapter 3 

EXPERIMENTAL PROCEDURES 

3.1 Sample collection 

Except for those samples reported in Taylor and Forester 

(1971) almost all of the samples analyzed in this work were 

collected by the author. The Stony Mountain samples were col

lected in the late summer of 1969, while the samples from Skye, 

Mull and Ardnamurchan were obtained in a trip to Scotland in 

1970 . Additional samples from Skye were collected during a 

brief return trip in July, 1971 . 

3.2 Petrographic examination and preparation of samples 

Nearly all of the samples analyzed in this research were 

examined in thin section. Pertinent petrographic data are 

given along with the isotopic data in the appropriate tables. 

X-ray diffraction techniques were used to identify and esti

mate the type and relative amounts of carbonate that were 

presen t. 

In most cases, handpicking of miner al grains from the 

gently crushed rock was sufficient to give pure mineral 

separates . A Frantz magnetic separator was also used , but 

because of the ubiquitous presence of dust-like magnetite in 

some of the samples, the Frantz separator could not always 

provide a sufficiently pure separate. On the other hand, 

these same inclusions provided a simple way of separating 
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different portions of tne same mineral (e.g. plagioclase) 

from a hand specimen Gn the basis of tneir differing magnetic 

susceptibilities. 

After handpicking, most quartz separates were treated 

with hydrofluoric acid and then cleaned ultrasonically. 

Because many of the handpicked feldspar grains contained 

quartz intergrowths, and because the o18o values of the co

existing quartz and feldspar are in general quite different 

because the two mineral·s are drastically out of oxygen iso

topic equilibrium, it was important to correct for this ef

fect. This was done by (a) examining the oxygen yields 

produced during F2 reaction of the feldspars and (b) making 

grain mounts of tne analyzed feldspar separates and estimating 

their quartz contents. The largest such correction, 0.9 per 

mil, was applied to the feldspar of SK-177. Most corrections 

amounted only to about 0.2 or 0.3 per mil. 

Magnetite, olivine and epidote react with fluorine only 

with great difficulty. Therefore, these minerals were ground 

to a very fine powder and reacted with fluorine at the highest 

possible temperatures (~630°C). The magnetite was separated 

from the other minerals by first obtaining a rough hand

magnetic separate from the sample, and grinding this sample 

to a fine grain size. The grains were then placed in a beaker 

and the non-magnetic grains were washed away while the mag

netite was held at the bottom of the beaker by a hand magnet. 

This process was repeated many times until an essentially pure 

magnetite separate was recovered. 



31 

Whole-rock powders were prepared by first grinding a few 

small chips of the rock sample in the mortar, then discarding 

this sample. In this way, the mortar was 11 Contaminated 11 with 

a sample of the same rock that was to be ground for isotopic 

analysis . 

Some of the samples, especially the hydrothermally al-

tered volcanic country rocks, contain small but significant 

amounts of calcite. Inasmuch as the fluorination of carbon-

ates may give non-predictable results, it was decided to 

remove the carbonate from some of these whole-roc k samples 

prior to fluorination. To test the effect of removing the 

calcite with hydrochloric acid on the o18o value of the 

residue, three experiments were performed. 

(1) A sample of Ml-22 (o18oR = +4.4), which does not 

contain calcite, was treated with 3.7 N HCl for about 20 

seconds, filtered and thoroughly washed with warm distilled 

water and the residue dried. The residue had o18oR = +4.5 

(i.e. indistinguishable from the untreated sample). 

(2) A sample of Ml-52 which contained a small ( <5%) 

amount of calcite was directly reacted with F2 and gave a 

o18oR = +5 . 6. The sample was then treated with HCl as above 

in experiment (1); the acid-treated sample had the same o18o 

value, +5.6. It thus appears that small amounts of carbonate 

do not significantly affect the o18oR values. 

(3) Equal amounts ( ~20 mg) each of basalt SK-168 (o 18o = 

+0 . 4) and calcite SK-48 (o18o = +19.2) were mixed together 
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and acid-treated as in the above experiments. The filtered 

residue was analyzed and found to be essentially indistinguish

able from SK-168, with o18o = +0 . 5. 

Most of the amphiboles, chlorites, and biotites analyzed 

for 0/H were essentially monomineralic concentrates. A pure 

separate is not entirely necessary howeve r , as long as the 

contaminating minerals are anhydrous, or only contribute in-

significantly to the total H2 yield . In fact, all the white 

mica analyses were extracted from whole roc k or feldspar con

centrates, where sericite is the dominant (or sole) hydrous 

mineral. The identification and relative amounts of the 

various hydrous phases in the 0/H analyses were checked by 

utilizin g optical and X-ray techniques, as well as e xamining 

the H2 yields produced during fusion of the sample. 

3.3 Oxygen extraction 

Al most all of the oxygen extractions from silicates and 

oxides were performed using fluorine as the reaction reagent 

(Taylor and Epstein, 1962a); some samples, however, were re

acted with bromine pentafluoride ( Clay ton and Mayeda, 1963; 

Garlick, 1964). All samples were loaded into the nickel re

action vessels in a drybo x and reacted at 450° - 630 ° C with 

excess fluorine to liberate free oxygen . The 02 was quanti

tatively converted to co 2 by combustion with a resistance

heated graphite rod . The co2 was then cycled through a 
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mercury diffusion pump to remove any trace amounts of F or 

Br compounds that may have been present. The co 2 was then 

analyzed mass spectrometrically. 

The tank F2 used as a reagent in this research contains 

small amounts of oxygen and nitrogen. The oxygen typically 

amounts to about 4.7 ~moles, based on the normal amount of 

fluorine placed in a reaction vessel (2/3 atm F2 in a 50 cm3 

volume). This contaminant oxygen has o18o = +9 and thus all 

oxygen extractions by the fluorine method were corrected for 

this contaminant. The typical correction was approximately 

0. 1 per mi 1 . 

Carbonates were reacted with 100% H3Po 4 at 25.2°C ac

cording to the method described by McCrea (1950). Coexisting 

calcite and dolomite were analyzed for o18o and o13c utilizing 

the technique of Epstein~~· (1963). 

3.4 Hydrogen extraction 

The hydrogen was extracted from OH-bearing phases uti

lizing techniques similar to that described by Friedman (1953) 

and Godfrey (1962). The samples were degassed under high 

vacuum at 200 ° C for about two hours and then heated by an in

duction heater to about 1300° C to liberate H2o and H2. The 

H2o was conver~ed to H2 by passing it through a uranium fur

nace at about 700°C. 
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The RF field from the working coil induces a current 

flow in the platinum crucible and thus the crucible and con

tained sample are heated. The outer glass envelope is heated 

somewhat by radiation from the crucible so fans were used to 

cool the container. 

During fusion of the sample, the evolved gas is ionized 

and discharged within the glass envelope due to the high fre

quency field. This discharge may result in spurious oD 

values, possibly because some of the ionized gas may be driven 

into the walls of the glass envelope or because of interac

tions with the vacuum grease. However, if the glass envelope 

vessel is isolated from the rest of the system during dehydra

tion, the pressure buildup prevents gaseous discharge and 

allows complete sample fusion in about 15 minutes . This 

technique, suggested by R.L. Armstrong, was used for all 

samples. As shown by Wenner (1970), this technique gives 

the same isotopic results as the low pressure method of 

Godfrey (1962). 

After the H2 was collected, the sample was reheated to 

insure complete dehydration. The total volume of H2 was 

measured and the gas was analyzed mass spectrometrically. 

3.5 Mass spectrometric and other correction factors 

All co 2 samples were analyzed in a 60°, single focusing, 

double collecting mass spectrometer of the type described by 
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Nier (1947) and McKinney~~· (1950). Inasmuch as isotopic 

composition measurements are carried out on carbon dioxide 

gas, correction factors were applied to relate the mass 46/ 

( 44+ 45) and 45/44 ratios to 18o; 16o and 13c; 12c ratios 

( Craig, 1957) . 

All samples extracted by the fluorine or bromine penta

fluoride method were compared to Rose Quartz Pegmatite Stan

dard with a o18o = +8.45 (H.P. Taylor, unpublished data). 

This Caltech standard was analyzed 80 times during the course 

of this research. Inasmuch as all the co 2 samples prepared 

by this method have the same carbon composition (that of the 

spectroscopically pure graphite rod used in the burning), the 
13 c correction factor is zero, and the 17o correction factor, 

after Craig (1957), is 

= 1.001 0 
18o m 

where o = corrected a-value c 

and om = raw machine o-value, corrected only fo r instru-

mental effects. 

Because the Caltech mass spectrometer reference standard 

gas was 24.5 per mil heavier than SMOW at the time of this 

r esearch, a multiplicative correction factor of 1.0245 must 

be a pplied to chan ge to the SMOW standard. o18o val ue for 

any sa mple x is 9iven by 

0 x- SMOW " (o ~AW 0 ~A~ STD) (1 . 0245) ( Bkgd ) +8 .45 
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where a = fluorine-corrected, raw a-values 

and Bkgd =multiplicative background correction factor, 

measured each day and typically about 1.02. 

This factor includes the instrumental effects of valve 

mixing and leakage. 

The following fractionation factors were used to convert 

the a18o values of evolved co 2 from carbonate to a18o values 

of the total carbonate. 

aco - calcite 2 
= 1.01025 

aco - dolomite 2 
= 1.01110 

These values are modified after Sharma and Clayton (1965); 

s e e C 1 ay ton !!_ EJ._. ( 1 9 6 8 b ) . The an a 1 y t i c a 1 p r e c i s i on f o r o xy

gen and carbon in this work is ±0 . 2 per mil. 

The hydrogen _mass spectrometric analyses were performed 

on a Nier-~cKinney type instrument with a side arm for col-

lecting the mass 2 beam. The raw a-values were corrected for 

leakage and background. A correction for the contaminating 

H3+ ions was included following the pressure effect method 

described by Friedman (1953). Takinq into consideration the 

Caltech working standard correction factor, the equation 

which converts the raw a-values to SMOW is given by 

= 0.9405 ax -MS - 68.75 

where ax-MS = aD-value of the sample relative to the Caltech 

machine standard hydrogen gas. During the course of this 

work a water standard was run six times and a Caltech biotite 
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standard was run five times. The analytical precision for 

D/H analyses in this work is ±2 per mil . 
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Chapter 4 

A MODEL FOR METEORIC HYDROTHERMAL CONVECTION 

4.1 General statement 

It is now clear that most rocks that are anomalously 
18 depleted in 0 have undergone large - scale exchange with 

heated, low - 18o me teoric ground waters. It is equally 

obvious that the isotopic exchange processes that are pres 

ently going on in mode rn geothermal systems (e.g. Wairakei, 

Steamboat Springs, and Salton Sea) although at a more shallow 

levei, are essentially analogous to those that have occurred 

in geotherma l systems of the past (e.g. Tertiary plutonic 

centers of NW Scotland and Western Cascades). This chapter 

describes some active geothermal systems, and also discusses 

some qualitative theories regarding the mode ling of convec -

tive fluid flow in the vicinity of an i gneous intrusion . 

4.2 Active qeotherma l systems 

Steamboat Springs, Nevada 

The geology of the Steamboat Springs region consists of 

a Mesozoic (?) metasedimentary and volcanic basement intruded 

by Cretaceous granodiorite. After deep erosion, Cenozoic 

volcanism produced more than the 100 cubic miles of flows , 

tuffs and tuff-breccias of intermediate composition . During 

and after these eruptions, lake and stream deposits accumulated. 
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Most of the rocks in the thermal area have been hydrothermally 

altered. A large hot magma chamber has evolved heat and 

some mineral constituents for a period of at least 105 years 

(White~~·, 1964; White, 1968a}. 

White (1968a; 1973} has illustrated a simple hot-spring 

system which is reproduced in Figure 4-1 . If the cold down

flowing limb of the convection system has an average temper

ature of 45° C with a density of 0.990, and the hot, upward

flowing part has an average temperature of only 170° C with 

a density of 0.9000, the driving force related to thermal 

expansion over the 10,000 feet is equivalent to nearly 400 

psi (White, l968a}. Thus the main factor in driving this 

huge convection system is the density contrast between the 

cold downflowing part of the system and the hot, less dense, 

upflowing part of the system. In most hot-spring systems, 

pressure, salinity, and bul k permeability are less important 

than temperature. 

The isotopic composition of alkaline and neutral hot

spring waters and condensed steam from the Steamboat Springs 

area set an upper limit on the amount of water of magmatic 

origin at approximately 5 per cent (Craig~~., 1956; White 

et ~·, 1963}. The total heat flow of the Steamboat Springs 

thermal area is estimated to be 1.2 x 107 cal sec-l, equi

valent to at least 150 times the mean heat flow at the sur-

face of the earth (White, 1968a} . 
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Salton Sea Geothermal Area, California 

The Salton Sea geothermal field is situated near the 

southeastern ed ge of the Salton Sea in the Imperial Valley, 

and near the axis of a major structural depression that ex 

tends northwestward from the Gulf of California. The main 

rock units are those deposited by the Colorado River as part 

of its delta , and consist of Tertiary and Quaternary sands , 

silts and clays (Muffler and White, 1969). These deltaic 

sediments are approximately 20,000 feet thick (Kovach ~ ~-, 

19 62; Biehler~~-, 1964). Five late Quaternary rhyolitic 

domes intrude the sediments (White, l968b) . The hot-spring 

activity is an expression of the general positive heat flow 

anomaly that characterizes the Salton Trough . 

Temperatures within the geothermal reservoir range up 

to 360° C at 7100 feet (Helgeson, 1968) . Wells in the reser-

voir have produced a remarkably sal i ne brine containing up to 

259,000 ppm (by weight) dissolved solids . The main constit-

uents are Cl, Na, Ca, K, Fe and Mn. The therma l brine is 

estimated to be 5 km 3 in volume {White, 1968b). 

Thermodynamic and geochemical calculations by Helgeson 

( 1967) de monstrated that the sulfur, oxygen and co 2 fugacities 

are of the order of lo- 10 , lo- 30 and 2.8 atmospheres respec

tively. The pH of the brine was calculated to be 4 . 7 at 300° C. 

Within the Salton Sea geothermal region, the original 

sedime nts are being metamorphose d to low grade rock s of the 

greensc hist facies . Above 300° C the typical metamorphic 
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assemblage i s quartz + epidote+ chlorite + K-feldspar + 

albite± K-mica (Muffler and White, 1969). 

Craig (1963; 1966) concluded from the isotopic composi

tion of waters in the Salton Sea geothermal area that the 

source is local precipitation with o18o = -11. The near

neutral, geothermal subsurface waters exhibit a remarkable 

14 per mil oxygen isotope shift, nearly twice the maximum 

shift so far observed in any other modern geothermal field. 

Helgeson (1968) however, suggested that the geothermal brines 

had their source from Colorado River water originally trapped 

in the deltaic sediments. In this regard, it is interesting 

to note that Coplen (1973) demonstrated, from oxygen and hy-

drogen isotope compositions of water samples from the Dunes 

geothermal anomaly, Imperial Valley, that the water in the 

Dunes system was derived from the Colorado River. Clayton 

~ ~· (1968a) demonstrated that the carbonates in the Salton 

Sea geothermal area have equilibrated with the meteoric waters 

to temperatures at least as low as 150°C. They estimated that 

a volume of water at least equal to that of the exchanged 

sediments had passed through the system. 

Helgeson (1968) has clearly demonstrated that convective 

heat transfer is required to account for the temperature-depth 

profiles observed in the reservoir. His calculations show 

that thermal convection of pore fluids is the major mechanism 

of heat and mass transfer in the geothermal area. Magmatic 

heat is the main energy source that drives the convective 
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system (Whi te, 1965). A possible simplified model for the 

Salton Sea geothermal system (after White, 1968b) is shown 

in Figure 4-2. 

Wa irakei Geothermal Area, New Zealand 

The hydrothermal areas at Wairakei are associated with 

the still-active Central Volcanic District . Actively sub-

sidinq tectonic depressions are filled with approx imately 

5 km of rhyolites, pyroclastic pumice, ignimbrites and brec

cias and overlie the ~ reywacke basement (Grindley, 1961). 

The isotopic composition of the waters at Wairakei is 

unique in that there is only a small 180-shift away from the 

loc al meteoric water (Banwell, 1963b; Craiq, 1963). Banwell 

(l963b) sugges ted the small effect was a combination of (1) 

a large total volume of circulated water compared to the ex

chanqed rock, and (2) Wairakei is a relatively old system 

( ~ 5 x 10 5 years), and thus the rocks adjoining the hydro

thermal conduits have probably undergone extensive 18o ex-

change already . 

Elder (1965) demonstrated that convection is the domin-

ant mode of heat transfer. With a te mpe rat ure of approximately 

400° C at the base of the 5 km-deep Taupo depression, heat flow 
-6 -2 l by con duct ion is about 2 x 10 cal em sec- . The regional 

avera9e heat flux is 50 ~cal cm- 2 sec-l (Thompson, 1960). 

Banwell (l963a) considered the problem of conductive and con-

vective heat transfer from a magma chamber to both roof rocks 
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and circulatinq water. He suggested that volcanic steam may 

be necessary to account for the heat flow in the Wairakei 

area. The ma i n problem was to provide a reasonable model 

with a sufficiently large area for heat conduction to ac

count for continuous water circulation over 10 5 years. 

I sotopic evidence rules out large amounts of 'magmatic' 

water in the system. As White (1957) has pointed out however, 

the heat f low, chemical composition and isotopic data are all 

compatibl e if the volcanic steam is diluted about 15 times by 

meteoric wa t er . 

Anot her so urce of heat that has generally been neglected 

in models of t his type is the exothermic nature of many hy

dration and devitrification reactions (Ellis, 1967). The 

heats of reaction, in calories per gram, of silica glass to 

quartz, albite glass to albite, and alkali feldspar to mica 

are -83.5, -46, and -40, respectively (Cumberlidge and Saull, 

1959; Kracek and Neuvonen, 1952; Hemley, 1959). In general, 

the devitrifi cat i on of glassy volcanic rocks and the formation 

of hydra ted pro ducts such as chlorites and micas from anhy-

drous minerals causes an evolution of heat on the order of 

several tens of calories per gram. Ellis (1967) calculated 

that, for the New Zealand Taupo Volcanic Zone containing 0.1 

gram of water per cubic centimeter of rock, the adiabatic 

temperature rise due to hydration reactions alone would be 

of the order of 300° C. Thus, the heat available from rock 

alteration is approximately 3 x 1017 cal/km3 . This heat is 
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appreciable compared with that contained in a cooling rock 

unit and can significantly prolong the life of a geothermal 

system. 

A simple model of the Wairakei system, based on the data 

of Thompson~.!}_ . (1961), was given by Elder (1965) and is 

shown in Figure 4-3. The temperature distribution with depth 

at Wairakei has revealed a body of water-saturated rock at 

least 1.4 km thick. Isotherms and flow lines are shown in a 

cross - section through the modern geothermal area at Wairakei 

in Figure 4-4 (after Elder, 1965; Spooner and Fyfe, 1973). 

Note the 'm ushroom' form of the pattern which is just what 

one would expect from outward flowinq lobes of hot water and 

is strikingly similar to calculated models of convective 

flow by Woo ding (1957) and Donaldson (1962) and to model ex

periments of El der (1965). 

4.3 Theory of convective fluid flow in the vicinity of an 
igneous intrusion 

General Statement 

It is clear from the previous discussion on modern geo-

thermal systems that simple conductive heat transfer models 

cannot correctly describe these near-surface environments. 

The heat flow studies demand convective heat transfer by cir-

culating water, inasmuch as conductive heat transfer cannot, 

by itself, account for the geothermal anomalies. The isotopic 

data demonstrate that almost all of this water is derived 
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Figure 4-3. Schematic model of Wairakei 
geothermal system . Based on 
the data of Thompson et al . , 
1961 (from Elder, 1965T.--
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Figure 4-4 . Vertical section of the upper 2 km 
of the Wairakei geothermal system, 
showing the measured isotherms and 
approximate flow lines (from Spooner 
and Fyfe, 1973; after Banwell, 1961 
and Elder, 1965). 
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from local ground waters and that larae-scale exchange has 

occurred between these waters and the rocks in the geothermal 

system. A simple mod el that could be used to effect such an 

interaction would be similar to that used by Banwell (1963a) 

and White (1968a; b) to represent the Wairakei, Salton Sea, 

and Steamboat Springs geothermal systems (see Figure 4-1 ). 

Similar models have been utilized for the deeper portions of 

ancient systems by Sheppard~~- (1969) , Taylor and Forester 

( 1971) and Taylor (1971). Meteoric ground waters are heated 

in the vicinity of a crystallizin9 and coolinq . igneous pluton 

and set into convective motion (see Figure 4- 5) . The ig 

neous pluton then is the energy source that drives the con 

vective circulation system. The mathematical model thus 

involves the solution of non-isothermal convective fluid 

flow through a porous medium . 

It should be kept in mind that since any thermal distur

bance may set t he adjacent waters into convective motion , 

these models apply equally well to oceanic environments as 

well as continental ones . Sea water hydrothermal systems 

have been considered by Elder (1965), Palmason (1967) , 

Muehlenbachs and Clayton {1972), Spooner and Fyfe (1973) , 

and Wenner and Taylor (1973). 

Mathematical Formulation 

Consider a homogeneous permeab le layer. The steady 

state equation that describes fluid flow is giv en by Darcy's 

La"', 



where 

VP = \) v pgz - k 

p = pressure 

p = density of fluid 

51 

g = gravitational acceleration 

z = vertical coordinate 

\) = kinematic viscosity 

k = permeability of the 

v = mass flow rate 

For the flow to be zero, 

VP = pgz 

and thus aP ax = = 0 

of the 

medium 

( 4- 1 ) 

fluid 

(4-2) 

(4-3) 

sin ce gravitation varies only in the z direction. Thus the 

flow can be zero only if the fluid density is constant in 

the horizontal x-y plane, and~ thermal disturbance (e.g. 

an igneous i ntr usion with near vertical walls) will demand 

co nvective . flow in the medium. 

The first term on the right hand side of equation (4-1) 

is the pressure effect in the vertical z direction. The 

next t erm is the pressure drop due to fluid flow in the x-y 

plane only, an d is equal to grad P in this plane. 

The steady-state equation of continuity for an incom

pressible fluid with no sources or sinks is 

V·V = 0 (4-4) 
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We now must consider the equation of conservation of energy. 

The fundamental partial differential equat i on for heat con-

duction with no heat source is 

aT 
TI = 

whe r e T (x,y,z,t) = temperature 

t = time 

K =thermal diffusivity; K = ~ 
pc 

(4-5) 

where K is the thermal conductivity, and c is the speci-

f i e heat and v2 
= laplacian operator. 

The thermal diffusivities of rocks are so small (on the 

order of 10- 2 cm 2 sec-l at normal P and T) that more than 105 

years would be required to conduct heat from a depth of 2 km 

to the surface. A much more rapid heat transfer mechanism is 

t hat of conve ction. Convection is material transfer in a fluid 

under th e influence of gravity, where density variations are 

t he res ult of non-isothermal conditions. As the masses move, 

heat i s transferred . Note that gravity never takes a holiday 

( Bowen, 1928, p. 24). 

Let us now modify equation (4-5) to include the effects 

of convect ion. Because T = T (x,y,z,t), the total derivative 

of temperature is written 

dT = li dx + ll dy + ll dz + li dt ax ay az at (4-6) 

Dividing both sides of equation (4-6) by dt, and defining a 

set of terms v . , where 
J 
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v. 
J 

= dj/dt (j = coordinates x,y, or 

have dT v .£1.+ v 21.+ v aT +.£1. we dt = az X ax y ay z at 

or dT 
= aT + V·grad T CIT TI 

As we are now considering a moving element 

term aT / cH in 

(4-7). Thus 

aT 
TI 

(4-5) 

= 

must be replaced by dT/dt 

z ) , 

(4-7) 

of fluid, the 

as given in 

(4-8) 

For two-dimensional space, the energy balance equation 

i s 
~ + v aT + v aT 
at X ax Z dZ 

= (4-9) 

Equations (4-1), (4-4) , and (4-8) have been recast in a 

coupled set of two-dimensional nonhomogeneous linear partial 

differential equations of the second order, and solved for 

temperature and stream potential as a function of time by 

Cathles and Norton (1974), using finite difference methods. 

The input for their computer program included the initial 

and bound ary co nditions for temperature and fluid flow and 

th e Ray l eig h number, R. The Ray leigh number is a dimension

les s par ameter that combines both the fluid and media proper-

ti es int o a ratio; the numerator contains factors that tend 

to enhance heat transfer by convection, while the denominator 

contains factors that favor conduction: 

R = ka(6T)gh 
\IK 

(4-10) 
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where a = coefficient of volumetric expansion, 

8T = temperature difference in the column, 

h = thickness of the homogeneous porous medium, and 

the other symbols have been previously defined. 

For a medium of infinite extent bounded above and below 

by impervious layers, Lapwood (1948) predicted that the criti

cal value of R for the onset of convection is 4~2 . Experi

mental work by Elder (1965; 1967) demonstrated that heat 

transfer is entirely by conduction when R < 40, consistent 

with the study by Lapwood. Palmason (1967) calculated R to 

be 190 for the upper 2 km of the volcanic rocks in Iceland, 

where water circulation controls to a large extent the sur-

face heat flow. 

In the model presented by Cathles and Norton (1974) a 

constant Rayleigh number was used; this is in spite of the 

fact that equation (4-10) contains a number of fluid proper

ties strongly dependent on P and T. Donaldson (1962) and 

Wooding (1957) utilized explicit functions for density, al

though their basic model was not as relevant to the actual 

geolo oi cal situation as that of Cathles and Norton. In order 

to define a more realistic model, Norton (personal communica-

t i on, 1974) is now in the process of including explicit func-

tions for a , v , and pin terms of P and T, and introducing 

the factor of anisotropic permeability as a system parameter. 

As it is, Cathles and Norton (1974) still present the best 

ava i lable mathematical model for pluton-driven, convective 

flow. 
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Their mode l assumes a pluton 2 km wide, 2.75 km high, 

and buried 2.75 km below the surface. The assumed permea

bility of t he pluton is 0.1 5 millidarcies while that of the 

cou ntry rock is 0.3 millidarcies. Initially, the pluton is 

assume d to be 750 ° C hotter than the country roc ks. Their 

resu lts defined fluid velocities on the order of 30m/y at 

t he top of the pluton . The volume of water cycled through 

the upper part of the pluton, where the streamlines are most 

close ly spaced, is approximately 3 times the volume of the 

upper part of the pluton. The pluton was found to cool to 

20 % of its initial temperature in 105 years. As pointed out 

by Elder (1965), because free convection in a porous medium 

can involve a very large heat flow, bodies may cool several 

orders of magnitude more rapidly by convection. 

We can also calculate the time-integrated W/R ratio for 

an in terac ting water-rock system, inasmuch as any system must 

obey the law of conservation of energy. The total heat lost 

from the coo lin g and crystallizing pluton will be 

while the heat gain of the water is 

where subscripts R, W refer to rock and water respectively, 

= mass 

= specific heat capacity (0.26 and 1.0 cal gm- 1 ° C-l 

re spe c t i v e 1 y) 
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= mean temperature change (assumed in this example 
to be 750°C for R, 300 °C for W) 

H =heat of hydration reactions (~ 30 cal gm-l) 

Lx =latent heat of crystallization (~ 100 cal gm- 1) 

LV = latent heat of vaporization (~ 500 cal gm-l in a vapor
dominated system; zero in a hot water system) 

Assuming no other sources or sinks and equating the two 

expressions above, we have 

= 
cR 6TR + LX + H 

cw 6Tw + Lv 

Substituting the reasonable values given above~ we obtain 

mw/mR ~ 0.4 for a vapor-dominated system, and mw/mR ~ 1.1 for 

a hot water system. These are equivalent to atomic oxygen 

(W/R) ratios of 0.8 and 2.1 respectively. These ratios will 

vary, depending on the contributions from hydration reactions, 

the temperature intervals chosen, and the latent heat from the 

pluton (i.e. percent of crystals at time of intrusion). These 

however are minor contributions, and therefore it is reasonable 

to expect systems which have experienced significant meteoric

hydrGthermal alteration to be characterized by a time-integrated 

atomic oxygen W/R ratio of about 1 to 2. It is interesting to 

note that, for almost all "fossil hydrothermal" systems studied 

to date, the minimum , calculated W/R ratios cluster about unity 

(see Taylor, 1974b, Figure 27). 
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4.4 Summary 

In summary, a hydrothermal system is composed of a heat 

source and a recirculation system, and possibly with a re

charge and surface discharge system. In the circulation sys-

tern, the dilute, relatively cool meteoric waters are heated 

in the vicinity of the intrusion and, as a consequence of 

their lowered density, rise . This water is replaced by addi

tional radially inflowin9 cool ground water moving towards 

the heat source (Figure 4-5). The heated ground waters ex

change oxygen with the minerals in the country rocks and the 

intrusion. During passage through these rocks, the initially 

dilute waters may dissolve various elements (notably Na, Ca, 

K, Cl and Mg) and in some cases may develop into a brine. 

The density increase of the fluid due to increased salinity 

may be more than compensated by the effect of temperature on 

its density. 

The convective system could be such that the same H2o 

would cycle through the rocks repeatedly. With high tempera

ture exchange, this water would increase in 18o with each 

cycle and in time lose its 18o; 16a contrast with the rocks 

through which it passed. Of course, new influx of unexchanged 

ground waters could always take place, although the access 

routes may change with time. Thus rain waters, snow, lakes, 

rivers and ground waters in the catch basin in general will 

recharge the circulatory flow system. This replenishment by 
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fresh meteoric grou nd waters may effectively maintain a 

st ron9 18o; 16o contrast between the waters and the exchanging 

rocks. At the same time, water may be lost from the system 

by discharging through springs (or as steam) at the earth's 

surface, in a similar fashion as is seen today in Yellowstone, 

Steamboat Springs, Wairakei or other geothermal regions. 

It should be pointed out that this model is the antithe-

sis of the classical process in which water is thought to have 

been given off by a crystallizing and cooling magma and added 

to the country rocks. 
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Chapter 5 

THE STONY MO UN TAIN STOCK, WESTERN SAN JUAN MOUNTAINS, 
SOUTHWESTERN COLORADO, U.S.A. 

5.1 General geological setting 

The Western San Juan Mountains of Colorado are largely 

composed of Tertiary volcanic rocks, but also include a Pre

cambrian crystalline complex, and sedimentary rocks ranging 

in age from Cambrian to Tertiary (Figure 5-l). The Precam

brian ro cks of the Needle Mountains include the Vallecito 

Conglomerate which is at least 750 meters thick. This is 

overlain by the Irving Greenstone and the Uncompahgre Forma

tion, with a minimum thickness of 2500 meters, chiefly com

posed of very pure quartzites, with lesser amounts of slate 

and shale (Cross et ~·, 1905; Barker, 1969). The lower 

Paleozoic section comprises just a few hundred meters of 

largely ~arine carbonates, but the younger sedimentary section 

(Pennsylvanian to Early Eocene) is made up of approximately 

1000 meters of clastic rocks. Some Cretaceous units contain 

abundant volcanic debris. These volcanic rocks are probably 

related to the Late Cretaceous or Early Paleocene intrusive 

granodiorites and quartz monzonites in the vicinity of Ouray 

and in the La Plata and Rico Mountains (Larson and Cross, 

1956). 
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Figure 5-l. Gen eralized geologic map of the Wes t ern San 
Ju an Mountains, Colorado (from Lued ke and 
Burb ank, 1968). Elliptical dash line is rim 
of San Juan volcanic depression. 
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5.2 Mid-Cenozoic volcanic and tectonic history of the 
Western San Juan Mountains 

The Tertiary volcanic rocks of the Western San Juan 

Mountains are composed of three major units, approximately 

2.4 km thick and comprising more than 6000 km3 in volume. 

The stratigraphic relationships were first determined by 

Cross and Purington (1899) and Cross ~ ~· (1905) with fur

ther amplification by Larsen and Cross (1956). The three 

principal episodes of major volcanic activity have been 

called old, middle, and young by Luedke and Burbank (1968; 

see Table 5-l). The volcanic rocks are largely Oligocene in 

age (Lipman~~·, 1970; see Table 5-2). Preliminary geo-

chronological stud ies on the ages of mineralization in the 

Weste rn San Juan Mountains indicate that much of the produc-

tive mineralization structurally associated with the Silver-

ton caldera appears to have been active 6-10 m.y. later than 

the formation of the caldera 28 m.y . ago (Lip ma n, personal 

communication, 1973). 

The old unit, the San Juan Formation, is composed of up 

to 900 meters of rhyodacitic tuff breccia with minor volcanic 

conglomerate, tuff, rhyodacitic lava flows and flow breccias, 

rhyodacitic to quartz-latitic welded ash-flow tuffs and 

basaltic andesite lava flows and autobreccia (Larsen and Cross, 

1956; Lu edke and Burbank, 1963; 1968). It is estimated to 

have had a volume between 3000 and 5000 km 3 and to have been 

deposited over more than 8000 km 2 . 
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Young 

t~ i d d 1 e 

Old 
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Table 5-l* 

Tertiary Volcanic Stratigraphy 
of the Western San Juan Mountains 

GROUP FORMATION 

Potosi Volcanic Group Gilpin Peak Tuff 

Hensen Formation 

Burns Formation 
Silverton Volcanic Group 

Eureka Tuff 

Picayune Formation 

San Juan Formation 

*A revised volcanic stratigraphy and nomenclature has 

recently been proposed by Lipman~~·, (1973). Rocks of 

the San Juan Formation are called 11 early intermediate-composi-

tion lavas and breccias 11
• The Picayune Formation is considered 

to be a vent-facies accumulation in the San Juan Formation. 

Gilpin Peak Tuff i s called 11 lower ash-flow sheets 11
• 
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Table 5-2 

Compi la tion of ages of minerals and rocks from the 
San Juan volcanic field, arranged in generalized strati
graphic sequence. Tie lines connect phases of same 
sample; brackets indicate geologically improbable date; 
·, stratigraphic relations to other units of subgroup are 
uncertain. Data from Lipman et al. (1970), and Mehnert 

~ ~· (1973a; b). 
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The middle unit of Luedke and Burbank (1968), the 

Silverton Volcanic Group, ranges in composition from basaltic 

andesite to rhyolite and consists of lava flows, breccias 

and welded ash-flow tuffs. It covered an estimated 1900 km2 

3 and had a volume of about 1700 km . 

The third major volcanic episode, the young unit, con-

sists of welded ash-flow tuff in the Potosi Volcanic Group. 

The rocks range in composition from rhyodacite to rhyolite, 

but are predominantly quartz latites. They covered an esti

mated 6500 to 9100 km 2 and had a total volume of at least 
3 1700 to 2500 km . 

Late in the history of the old volcanic episode there 

developed a major subsidence structure known as t~e San Juan 

volcanic depression (Figure 5-l). The principal development 

of this 40 km-long by 20 km-wide crustal block occurred after 

the eruption of a large-scale ash-flow, the Eureka Tuff 

(Table 5-l). Major resurgent doming of the crustal block 

took place before the deposition of the Burns Formation and 

formed an elongate graben structure (the Eureka graben) to-

gether with radial fractures along the crest of the dome. 

The young volcanic episode, during the major ash-flow 

eruptions, resulted in the subsidence of two nearly circular 

crustal blocks cal led the Silverton and Lake City cauldrons 

with in the San Juan volcanic depression(Figure 5-l). The 

cauld ron floors were arched and distended as a result of the 

Eureka graben structure. Extensive radial and concentric 
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fracturing occurred, and dikes and plutons were intruded 

along these fracture zones; one example of such an intrusive 

body is the Stony Mountain-Mt. Sneffels center (Figure 5-2). 

During the final stages of the main volcanic-plutonic activi

ty, pervasive hydrothermal alteration and mineralization 

occurred (Burbank, 1941). Minor eruptions of basalt and 

rhyolite continued through Miocene and Pliocene time. 

5.3 Geology of Stony Mountain stock 

The Stony Mo untain stock, about 1.3 km in diameter, in

trudes horizontally bedded volcanic rocks about 10 km NW of 

the ring-fault zone rim of the Silverton cauldron (Figure 5-2; 

Plate 5-l). The stock was first ma pped by Cross (1899) and 

later in more detail by Dings (1941). It also is included in 

the quadrangle map of Burbank and Luedke (1966). A geologic 

map of the Stony Mount ain stock (D in gs , 1941; Burbank, 1941) 

is shown in Figure 5-3; the geoloqical contacts are superim

posed on the topographic map in Figure 5-4. 

The lowermost volcanic unit is the San Juan Tuff, the 

old volcanic unit of Luedke and Burbank (1968) . Up to 380 

meters of this unit are exposed in the vicinity of the Stony 

Mountain stock. It is made up largely of rhyodacitic tuffs, 

breccias, and agglomera te s whose fragments are primarily very 

fine-grained andesite. The Silverton Volcanic Group, the 

middle unit, is represented only by the basal Picayune Formation, 
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Fi gure 5-2. Structural map of the Silverton cauldron and 
vicinity. Larger plutonic bodies, v-pattern; 
s maller intrusive bodies and volcanic pipes, 
s tippled pattern; f aults, heavy lines; radial 
fissures, dikes, and veins, light lines (after 
Luedke and Burbank, 1968). 
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Plate 5-l. Stony Mountain , Colorado, as seen from the 
southwest . The cliff-forming outcr op across 
the middle of the photograph is the outer 
diorite ring di ke. It is cut by the rust 
colored , circular breccia pipe. The t op of 
the mountain (12,69 8 ') consists of gabbro, 
while the inner diorite forms the shoulder 
to the east. 
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which disconformably overlies the San Juan Tuff. It is com

posed of about 150 meters of dark, porphyritic, pyroxene

bearing andesitic to rhyodacitic tuffs, breccias and flows 

in this area. The Picayune Formation is here separated from 

the overlying Potosi Volcanic Group by an erosional uncon

formity. The Potosi Group is represented by the Gilpin Peak 

Tuff, composed predominantly of quartz-latite ash-flow tuffs. 

A thickness of about 100 meters of the Gilpin Peak Tuff is 

exposed in the immediate vicinity of the Stony Mountain stock, 

but 400 meters of the type section are still exposed on near

by Potosi Peak. Generally, the volcanic rocks in the vicinity 

of the Stony Mountain-Mt. Sneffels intrusion are extensively 

hydrothermally altered and contain sericitized feldspars, 

carbonate and epidote. Chlorite and uralite are the common 

alteration products of the mafic minerals . 

The sequence of intrusion of the Stony Mountain complex, 

as first established by Dings (1941) is the following: (1) an 

outer, 150-meter thick, arcuate ring-dike of fine-grained 

diorite, with a minor amphibole monzonite differentiate ex

posed near the NW portion of the stock; (2) the main mass of 

medium-grained gabbro, grading into a quartz diorite to the 

north and with a quartz monzonite facies in the connecting arm 

extending tow a rds Mt. Sneffels; (3) a central plug, about 0.5 

km across, of fine-grained diorite; and (4) a tabular rhyolite 

mass about 500 meters long and 100 meters wide. 
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The term outer diorite will be retained for the outer

most and oldest intrusive unit of the Stony Mountain complex, 

although chemically and mineralogically it is closer to a 

quartz diorite or a granodiorite (see Table 5-3). The outer 

diorite usually contains 1 mm phenocrysts of clinopyroxene, 

orthopyroxene and plagioclase, set in a aphanitic groundmass 

of pyroxene, opaques, plagioclase, orthoclase, quartz and 

apatite. The common alteration products are sericite, chlor 

ite, ca l c ite, epidote and magnetite. The hornblende monzonite 

body grades imperceptibly into the outer diorite. The horn

blende phenocrysts are typically set in an altered groundmass 

of feldspar, chlorite, calcite and opaques. A mineraliz ed 

breccia pipe (Burbank, 1933) perforates the SW portion of the 

outer diorite ring dike. It is largely composed of dolomite, 

quartz, and white mica, with smaller amounts of pyrite, chal

copyrite, hematite and sphalerite. Fragments of San Ju an Tuff 

appear to make up a large part of this breccia. 

The greater part of the intrusion is made up of a gabbroic 

rock that has a variable chemical composition. The southern 

half of this intrusive unit is a relatively fresh, uniform, 

dark grayish-green biotite gabbro, usually with hypersthene 

and containing only small amounts of sericite, chlorite and 

uralite as altera tion products. The northern part of the unit 

is generally a gray quartz diorite, and is slightly finer

grained than the southern gabbros (0.9 vs 1.4 mm). In the arm 

extending towards Mt. Sneffels (Sneffels Arm Gabbro) the rock 
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Table 5-3 

Chemical Analyses* and Norms of Rocks 
from the Stony Mountain Region 

1 2 3 4 
,.... 

5 :> 

Si02 47.32 52.05 60. 15 60.23 61 . 36 63.91 
A1 2o3 16 . 71 17.96 18.03 15. 56 16 .36 17.07 

Fe 2o3 6.92 4.09 2.73 3.20 3.59 4.39 
FeO 5.94 6.33 3. 2 7 3.08 1. 45 1. 51 
MgO 5.69 5.03 2. 18 2.73 1. 75 . 81 
CaO 8 . 51 8.64 5.78 4. 21 3.59 4.47 
I~ a2o 2.70 2 . 99 3.53 4.43 4.04 3.48 
K20 2.02 1 . 61 2. 76 3.42 3 . 64 3 . 74 

H 2 o~ .24 .09 . 1 0 1 . 34 

H 0- 1 . 04 . 97 . 53 1 .10 1 . 56 .33 2 
Ti0 2 1 . 50 .65 .79 . 51 

P205 .96 . 31 .34 .36 . 21 

MnO .08 .43 . 14 .07 

C0 2 . 19 .44 .64 

Zr0 2 .00 

$03 . 19 

BaO .07 .11 . 1 2 

SrO .06 . 1 2 

Tot a 1 99.95 100.41 99.89 99.92 100.51 99.92 

Q 0 . 84 1 . 50 13.26 9 . 84 16 . 98 19.74 

or 11 . 68 9.45 16 . 68 20.02 21 . 1 3 21 . 68 

ab 22.53 25.15 29 . 34 37.20 34.06 29.34 

an 27.80 30.86 25.02 12.79 10.84 20.29 

c 1. 84 

di 6 . 16 8.44 3. 1 6 5. 31 

hy 14.04 17. 43 6.34 6. 1 2 4.40 2 . 00 

mt 9.98 6.03 3.94 4 . 64 3.48 4.87 
; 1 2 . 89 1. 22 1 . 52 . 91 
hm 1 . 28 1. 12 
ap 2.35 .6 7 .6 7 l. 01 .67 
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Table 5-3 (Cont•d) 

* All analyses taken fro m Larsen and Cross (1956, p.232) 

1. Gabbro porphyry. Near Mt. Sneffels, Telluride, Colo. 

2. Gabbro. From summit of Stony Mountain in the Telluride 
quadrangle. 

3. Granodiorite (Governor diorite of Dings). From the 
northeast e rn part of the Telluride quadrangle, 290 ft 
due west of the Summit of Stony Mountain at an altitude 
of 12,510 ft. 

4. Hornblende granodiorite (monzonite). From Stony Mountain 
in the northeastern part of the Telluride quadrangle. 

5. Granodiorite porphyry. From the large dike in the east 
border of the Ouray quadrangle on the east side of 

Porphyry basin . 

6. Granodiorite. From the east base of Sultan Mountain in 

the Silver ton quadrangle. 
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is a quartz-bearing diorite that is gradational into, as well 

as being cut by, two masses of pink to green-gray quartz 

monzonite. The quartz monzonite is composed largely of 

andesine, orthoclase and quartz and contains relatively abun

dant chlorite, sericite, carbonate, epidote and uralite. 

A tabular, pink rhyolite mass, with quartz and ortho

clase phenocrysts, was the latest major intrusion in this 

area. Various dikes, mainly of andesite, form a radial 

pattern around the Stony Mountain stock. 

Numerous Precambrian quartzite xenoliths, up to 50 

meters long, occur within the dioritic gabbro in the con

necting arm between Mt. Sneffels and Stony Mountain. These 

inclusions were probably derived from quartzites of the 

Uncompahgre Formation, which crop out just south of the 

town of Ouray (see Luedke and Burbank, 1962). 
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Chapter 6 

ISOTOPIC RESULTS: WESTERN SAN JUAN MOUNTAINS, COLORADO 

6.1 Regional isotopic relationships 

All the 18o; 16o, 13c; 12c and D/H analyses pertaining to 

the Western San Juan Mountains and, in particular , to the 

Stony Mountain stock are presented in Tables 6- 1 and 6- 2 . 

The regional data are presented i n Figure 6- 1, and all sam 

ples analyzed in the vicinity of the Stony Mountain stock 

are plotted on the map in Figure 6-2 and the generalized 

cross-section i n Figure 6-3. 

An average whole rock 618o ~ +4 and 60 ~ -145 charac 

teri~s most of the igneous rocks in the Silverton-Ouray dis -

trict, with the notable exception of those samples along the 

eastern and southeastern portion of th e Silverton caldera 

ring fracture which have an average 618o ~ -5 (Figure 6-1) . 

All of these rocks are generally lower in both o18o and 60 

than the rocks of the Eastern San Juan Mountains, where the 

altered volcanic and intrusive rocks typically have oD ~ - 110, 

(Taylor, 1974a) . Both areas have thus interacted with heated 

meteo ric ground waters in Oligocene - Miocene ti me , the western 

region showing whole-rock 618o depletions of more than 12 per 

mil, while the eastern area exhibits local depletions up to 5 

per mil. Taylor (1974a) suggested several reasons for the 

isotopic contrast: (1) the Silverton area may have represented 
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Table 6-1 

Oxygen and carbon isotope analyses of whole-rocks and minerals from the 
Stony Mountain stock and vicinity and the Western San Juan Mountains , 

Colorado 

Sample2 
SM- ) 

Minera1 3 5 Remarks 

Stony Mountain Stock and Vicinity 
Quartzite1 

122 

123 

124 

San Juan 

2 

4 

13 

69 

83b 

118 

134a 

143 
147 

148 

154 

165c 

168 

Tuff 

Q 

Q 

Q 

~JR 

~IR* 
Ct 
WR 

HR 

HR 
HR 

WR 

F 

~~R 

WR* 
Ct 
WR* 
Ct 
~/R 

+ 11.3 

+ 11. 8 
+ 1 0 . 6± 0 . 1 ( 2 ) 

+0.1 
+3.4 
+1.8 

+4.3±0.0(2) 

+2.5 

+1.4 

+2.9 
+2.4 

+1.0 
+2.3 

-0.7 
+1. 7 
+2.3 
+2.7 
+4.3 
+ 1. 6 

Essentially pure qtz; quartzite xeno-
1 ith in gabbro. 
As above. Strike N40°W, dip 50°S. 
As above. Strike N, dip 90° . 

Turbid to opaque feld phenos (lmm) 
now largely sericite, qtz, mag & ct. 
Fractures, lined with mag, cut rock. 
Grain size ~20lJ. 
Xenolith (12mx3m) in gabbro. lmm seriz 
feld phenos; mafics now largely chl; 
gdmass of sericite, carbonate , qtz, 
opaques. 

Plag phenos (l - 2mm), quite fresh; strong 
oscillatory zoning. Px phenos (lmm) 
most with mag alteration, in gdmass of 
feld, qtz and opaques. 

(o13c=-5 .3). 

(o13c=-7.5). 



169 

171 

173 

185 
187b 

195 
197 
202 

216 

216 I 

21611 

t'.ineral 

WR 
Ct 

Q 
\·JR 

WR 
Ct 
WR 
WR 

(matrix) 

WR 
WR 
WR 

\·JR 
Ct 

WR 
WR 

Picayune Formation 
36 WR 

155 WR 

163 WR 
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Table 6-1 (Cont'd) 

o180 (%o) Remarks 

-1.1 Pheno (6mm) of amph now largely altered 
-0.7 to ch l , ct & mag . Gdmass (O.Ol mm) of 

chl, seric ite, ct, qtz & mag . Ct vein 
let cuts rock. ~yg of qtz -ct-fel d-mag . 

13 ( o C=-3. 9.). 

+7.1 Xenocrysts & phenos of osci llatory zoned 
+3.1 dusty plag (0.51T111) & almost totally al

tered mafics, now largely biot, mag , ch1 , 
& ~with minor remnant cpx , in an aphan
itic gdmass of fe1d, qtz, ~· ch1, seri 
cite & apatite . 

-0.2 
-1 .8 ( o13c=-5.5). 
+2.0 

+1.3 Conglomeratic vol canic; fragments largely 
al tered; sericite, ct, chl, mag , qtz , 
fe ld, hem. - --

-0.1 Subhori zonta l bedding . 
+0.2 

+1.3 Volcanic fragments (&xenocrysts) with 
oscillatory zoned plag; mafics now chl, 
in a gdmass of feld, qtz, mag & serTCTte. 

+2.6 lcm-sized fragments & matrix altered to 
+0.3 assemblage of feld, qtz, sericite , chl , 

mag,~ & ct. (ol3C=-5. 5). -
+1.6±0.1(2) Same as SM-216. 

+2.9 Same as SM- 216. 

+2.6 Phenos of cpx (3mm , 10%, generally fresh 
but some altered to chl), plag (2mm, 35%, 
partly altered to sericite) & mag (6mm , 
1%) in a gdmass (<0.4mm, 50%) of plag , 
mag, qtz , chl & sericite. A few amyg 
filled with colloform ct & qtz. 

+1.3 Altered pyrox pheno, up to 5mm long in 
seriz plag-rich gdmass. 

+1.7±0.1(2) Similar to SM-155 . 



Mineral 

Gilpin Peak Tuff 
42 WR* 

54 
156 

157 

158a 
162 

Ct 
WR 
WR 

WR 

WR 
WR 

Outer Diorite 

3a 

12 
41 

58 

77 

WR 
WR 

F 
WR 

F 
WR 
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Table 6-1 (Cont'd) 

o180 (%o} Remarks 

+3.0 
+5.2 
+3.5 

+l. 6 

+2.6±0. 1(2) 

+3.5 

+4. 1 

Mafic pheno now largely altered to chl; 
similar to SM-157. 
Seriz feld & altered mafic (chl) pheno 
(1-2mm) in gray-green matrix-of sericite, 
chl, ct, feld, qtz, & mag. 

5cm from a 3cm-thick dike. 
Plag (40%, 2mm) & px (5%, 6mm) in a gdmass 
(55%, ~ 10~) of feld, qtz, sericite, chl, 
mag, & ct. Plag pheno often are zoned 
(avg An30) some with turbid cores, cloudy 
central regions & v turbid rims. Most 
are v turbid throughout. Minor amyg 
filled with fg qtz & feld. 

+1.6±0. 1(2) Fractured, blocky, fg diorite. lm from 
SM-4. 

+3.7 Equigranular fg diorite. 
+2.2 Pheno of cpx (10%, 3-4mm), mag (5%, 0.2 

mm) & plag (25%, 0.8mm) in brownish 
gdmass (60%, O.lmm) of feld, sericite, 
qtz & mag. Cpx altered along cracks & 
rims to chl. Plag is only part ly clear 
mostly cloudy or turbid due to altera
tion (mainly sericite & ~). 

+5.9 Pheno of plag (40%, up to 5mm) & al-
+4.7 tered mafics (5% chl, mag, biot) in a 

crushed gdmass (50%, 0.2mm) of feld, 
qtz, mag, sericite & chl. Generally 
plag is quite clear & fresh, oscillatory 
zoned, & only partially seriz along 

+2.9 
+3.4 

features, cracks, some r i ms & cores. A 
few rock fragments are present. 
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166 

167 

178 

180 

181 

198 
200 

203 

Mineral 

WR 

WR 

~JR 

WR 

M 
WR 

HR 

p 
WR (gdmass) 

WR 
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Table 6-1 (Cont'd) 

o180 (%o) Remarks 

-1.1 Pheno of amph (30%, 2mm), cpx (5%, 0.5 
mm) & plag (5%, 0.6mm) in a gdmass (55%, 
40~ ) of feld, mag, cpx, qtz, sericite, 
& chl. The pheno are cracked & partly 
altered to mag, chl & sericite. Minor 
qtz & zeolites in cavities; within 0.5m 
of major vein. 

+5.8±0.0(2) Pheno of oscillatory zoned, clear to 
partly cloudy & seriz plag (35%, lmm), 
fresh cpx (5%, 6mm), altered mafics 
(chl 5%) & amph (5%) in a gdmass (30%, 
15~) of feld, qtz, mag, ~· sericite & 
apatite. 

+5.9±0. 1(2) Similar to SM-166. 

+5.3 Seriate plag (up to lmm), oscillatory 
zoned, clear to partly seriz; qtz, mag, 
px, chl & ~· Thin (lmm) fracture goes 
through rock. Unusual ly qtz-rich rock. 

-0.8±0.1(2) Pheno of highly oscillatory zoned, clear 
+2.9 to partly cloudy plag (25%, 0.4mm), cpx 

(2%, 0.4mm), mag (1 %, 0.2mm) & opx (<1%) 
in an aphanitic gdmass (70%) of fe l d, qtz, 
mag, apatite, ~ & sericite. Rock has v 
small m cavities. 

+4.5 Thin chl-~-sericite veinlets cut rock. 

+2.7 
+6 . 1 
+5 .8 

+4.5 

Dusty zoned plag & altered cpx (now chl, 
~· mag, ~) with interstitial cloudy to 
turbid feld, qtz, mag, sericite & ct. 

Glomeroporphyritic pheno of cpx, zoned 
plag, & opx (30%, up to 7mm) in a fg 
gdmass (70%) of zoned plag, mag, px, 
biot, apatite, qtz & sericite. A v 
fresh rock except for the seriz of gdmass 
feld . 
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Table 6-1 (Cont'd) 

Mineral Remarks 

Hornblende Monzonite 
44 WR +3.3±0.2(3) Similar to SM-49. 
49 

Gabbro 
63 
64 

82 
84 

90 

9la 

9lc 

98a 

WR* 
Ct 

F 

F 
F 
F 

(calc'd avg) 
p 
B 
M 
WR 

F 

F 
p 
WR 
F 
HR 

WR 

WR 
WR 

WR 

+3.3 
+3.9 

+4.8 
+6.0 
+S.3 
+S.6 

+S.6 
+S.6 
+1. 7 

+S.4±0.0(3) 

+4.6 
+6.0 
+4.S 
+S.O 
+2.6 
+3.2 

+2.6 

+3.0 
+3.0 

+1.4±0.2(2) 

Feld & mafics altered to sericite, ct, 
chl, & mag with qtz seemingly the only 
primary mineral left from the original 
rock. (ol3C=-6 .2). 

Low magnetic fraction ~so% of bulk plag. 
High magnetic fraction ~so% of bulk 
plag. Hypidiomorphic-granular rock 
with clear to partly dusty zoned plag 
(l.Smm), px (1.2mm), biot (lmm), mag 
(O.lSmm), K, qtz, apatite, sericite & 
zeolite. Px shows an opaque-rich 
patchy schiller-type alteration pat
tern, but generally quite fresh. The 
variation of included dust-like material, 
probably mainly mag, has allowed the 
separation of two plag fractions ana
lyzed here. 

Similar to SM-64 except plag (2mm) is 
slightly more cracked & px (1.6mm) is 
significantly more altered to chl. 
Hypidiomorphic-granular rock traversed 
by many thin fractures & veinlets (chl, 
ct, sericite). Diffusely zoned pla __ g __ 
Tf.9mm) generally dusty to cloudy, 
largely due to seriz. Px & biot largely 
altered to chl. Minor K, qtz & apatite. 
Similar to SM-90. Plag (3mm) is partly 
seriz along fractures, cracks & cleavage. 
Mag is mostly associated with altered 
mafics (chl). Rock is O.Scm from inner 
diorite contact, which is knife sharp. 
12.Scm from inner diorite contact. lcm 
from inner diorite contact. Similar to 
SM-9la. 



101 

111 

113 

131 

138 

139 

140 

146 

Mineral 

F 
p 
B 
M 
\~R 

F 
F 
F 
M 
WR 

Q 
M 
WR 
~JR 

WR 

WR 

WR 

F 
B 
WR 

82 

Table 6-1 (Cont'd) 

0180 ( %o} 

+5.2±0.0(3) 
+5.5±0.1(3) 
+5.5±0.1(2) 
+2.0±0.0(3) 
+5.0±0.1(3) 

+4.2 
+4.1 
+4.0 
+1. 5 

+3.7±0.2(4) 

+8.3 
+ 1. 6 
+4.5 

+3.4 

+5.0 

+5.3±0.3(4) 

+4.4 

+6.1±0.2(4) 
+4.7 
+5.9 

Remarks 

Hypidiomorphic-granular with diffusely 
zoned An6?-~Q' clear to dusty plag 
(50%, 0.9mffiJ, cpx (10%, O.Smm), biot 
(2%, 0.7mm) mag, apatite, chl, qtz & 
zeolite. Thin fractures cut rock. 
See Plate 8-la. 
Low magnetic fraction ( ~25% of bulk 
plag). Intermediate magnetic fraction 
(~so% of bulk plag}. High magnetic 
fraction (~25% of bulk plag). Hypi
diomorphic-granular diorite with v 
dusty seriate plag (avg 0.6mm). Px 
with secondary mag, & chl, biot, mag, 
K, qtz, sericite, apatite & ~· Frac
tures cut rock . Variation of dusty 
inclusions in plag has allowed for 
3 separate fractions of plag to be 
separated. 
Similar to SM-111 except plag (60%, lmm) 
is clear to partly dusty. Minor uralite 
after px & zeolite in this qtz diorite. 

Similar to SM-113 except seriz has made 
some of the plag & K quite cloudy. Chl 
& ep are the main mafic phases . 
Similar to SM-111 with oscillatory zoned 
dusty plag (0.7mm). Px partly altered 
to chl, ~ & mag. Weak pilotaxitic tex
ture. Qtz diorite. 
Similar to SM-138. Plag (65%, 0.6 mm) 
dusty or cloudy . Minor uralite. 
Similar to SM-138 except slightly coarser 
grained. Plag (1 . 3mm) ranges from clear 
to dusty or cloudy, sometimes fractured 
& cracked with accompanying sericite & 
chloritization. 
Hypidiomorphic-granular rock with oscil
latory zoned dusty plag (70%, 1.3mm), 
cpx (15%, 0.4mm), biot (6%, 0.3mm), opx 
(2%, 0.4mm), mag (2%), chl, qtz & apatite 
(especially as needle-like inclusions in 
p 1 ag). 



159 

183 

Mineral 

F 
p 
WR 

F 
WR 

Quartz Monzonite 
109 Q 

112 

125 

F 
M 
WR 

Q 
F 
WR 
WR 

Inner Diorite 

91a WR 
WR 

91c WR 
WR 

94 WR 

95 WR 
96 WR 

97 WR 
99b F 

P (ca1c'd) 
M 
WR 
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Table 6-1 (Cont'd) 

+6.5 
+5.7 
+5 .7 

+5.8±0.0(2) 
+4.9 

+6.3±0.2(2) 
+2.1 
-1. 1 

+2.3±0.1(2) 

+8.3±0.1(2) 
+3.2 
+3.5 

+2.1 ±0.0(2) 

+ 1. 9 
+2 .1 

+ 1. 4 
+ 1. 9 

+3.3 

+2.7 
+2.7 
+1.3 

+3.1 ±0.1 (2) 
+2.2 
-0.2 

+2.8±0 .0(2) 

Remarks 

Top of Stony Mtn. Hypidiomorphic
granu1ar qtz gabbro with zoned, frac
tured, & dusty plag (3.lmm), partially 
chloritized cpx & opx (2mm) biot, mag, 
qtz, sericite, apatite & zeolite. 
Hypidiomorphic-granular rock, with 
zoned dusty plag (60%, 0.9mm) cut by 
minute chl-veinlets, & partially seriz; 
cpx (10~0 . 5mm) with alteration pro
ducts chl, biot & mag, with patchy sur
face of different birefringence; chl 
(20%), mostly pseudo-morphic after cpx; 
biot, K, qtz, mag, apatite & zeolite. 

Diffusely zoned cloudy seriz plag (30%, 
0.8mm), An54- 31, poikilitica11y enclosed 
by K (45%, liTITl). Cpx (10%, 0.8mm) al
tered in part to mag & chl, with patchy 
biref. Mag, biot, qtz, sericite, ~· 
apatite & ct. F corrected for 7% qtz. 

Similar to SM-109, except mafics now 
largely chl. F corrected for 15% qtz. 

As above; some pyrite present. 

4cm from gabbro contact. 
0.5cm from gabbro contact. 
l2.5cm from gabbro contact. 
1cm from gabbro contact. 
Pilotaxitic texture; zoned, clear to 
dusty plag, px, mag, biot, chl, qtz, & 
apatite. 

Pilotaxitic structure; zoned, clear to 
partly dusty fresh p1ag (65%, 0.4mm); 
cpx & opx are fresh; mag, K, qtz, chl, 
apatite, sericite. Veinlets of ch--1-
(0.51T1Tl) cut the rock. 
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Table 6-1 (Cont'd) 

Mineral o180 {%o) Remarks 

Rhyolite 
103 q +7.8±0.0{2) Pheno of euhedral qtz {15%, 2mm) with 

k -1. 6±0. 1 ( 2) a-morphology, & cloudy K (15%, lnm) 
WR +2.3 somewhat altered to sericite in a gdmass 

(70%, O.Olmm) of very dusty to cloudy 
feld, qtz, mag & sericite. 

Brecci a Pipe 

81 Q +g.4 Essentially composed to qtz, both as 0.5 
WR +5.0 mm grains, & in aphanitic gdmass with 
0 +2.2 dolomite & white mica. Opaques include 

pyrite, chalcopyrite, specular hematite, 
& 1 eucoxene. ( o 13c=-4. 7) 

Dikes 
17gd \~R +2.g Inclusion-rich plag pheno (20%, up to 1 

em) with opaque inclusions oriented para-
llel to (010) of host plag, & chl-sericite 
alteration along cracks & cleavages; in 
gdmass (80%, 0.03mm) of dusty plag, chl, 

This porphyritic opaque, ct & sericite. 
andesitic-dike is 3m wide; sample from 
center of dike. 

188 WR +1. 5 Central portion of andesitic dike, 3m 
thick; strike N40°E; dip 65°S. Similar 
to SM-17gd. 

215 WR -0.2 Similar to SM-17gd. Andesitic dike, 
porphyritic, lm thick. Strike E, dip 
go0

. Sample is 15cm from conglomeratic 
volcanic contact. 

Veins 
74d Q -1.8 Major vein, with banded cryptocrystalline 

massive white qtz; blue fluorite, pyrite 
& galena in vuggy, comb-like structure. 

116 Q +5.1 Major vein cutting San Juan Tuff, trending 
N65°W, dip go0

. Sample is of euhedral vug 
qtz; associated with galena & pyrite . 



Mineral 

Col-1 -8 WR 

Col-2-8 ~JR 
F 

A (+chl) 

Col-8-8 WR 

Col-11-8 ~JR 

Co 1-13-8 l~R 
Q 
K 
B 

Col -l3-8a WR 

Col-14-8 WR 
Q 
K 
F 
Chl 

Col-16-8 WR 
F 
Chl 

SJ -25 WR 

SJ-26 WR 

SJ-33 WR 
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Table 6-l (Cont'd) 

o180 (%o} Remarks 

Western San Juan Mtns. 

+1.8 

+8.7 
+8.6 
+6.9 

+9.6 

+5.9 

+6 .4 
+8.8 
+6.6 
+3.9 
+5.1 

+0.8 
+6.3 
-0.2 
-1.9 
-4. 1 

-5.6 
-5.2 
- 7.6 
-5.3 

-4. 8 

-4.3 

Propylitized diorite porphyry, on 
Telluride-Rico highway, 2.6 mi N of 
Trout Lake. 
Slightly chloritized quartz diorite 
porphyry, north side of Telluride-Rico 
highway, 2 mi W of Ophir, 2.2 mi N of 
Trout Lake. 
Diorite porphyry, just N of La Plata, 2.2 
mi N of Kroeger campground & 8.4 mi N of 
junction with U.S. 160. 
Granodiorite porphyry at contact with 
Hermosa Formation, Silverton-Durango 
highway, 7 mi S of Col-13-8. 
Augite-biotite mg quartz monzonite, 1 
mi SW of Silverton on Silverton-Durango 
highway. 

Leucocratic fg granitic dike cutting 
Col-13-8. 
Porphyritic quartz monzonite, somewhat 
propylitized, just NE of Silverton at 
mouth of Cement Creek. 

Chloritized granodiorite porphyry. 
Animas River canyon, mouth of Cunning
ham Creek. 
Altered rhyolite, Burns Formation, 
Animas River canyon, mouth of Eureka 
Gulch, 7 mi NE of Silverton. 
Altered rhyolite, Burns Formation, 
Animas River canyon, mouth of f·laggi e 
Gulch, 6 mi ENE of Silverton. 
Altered rhylite, Burns Formation, re
sistant ridge overlooking Animas River 
canyon , 2.5 mi NE of Silverton. 



Col-3R 
(88316) 

SJ-14 

SJ- 12 

SJ-10 

Col-17-8 

Col-18-8 

Col-19-8 

SJ-1 
SJ- 17 
SJ-19 
S-4 

Mineral 

Q 

WR 

WR 

WR 

WR 
F 
B 
M 

WR 

WR 

Q 

WR 
WR 
K 
M 

YAG-738 ~1afics 
WR 

YAG-741 WR 

YAG-739 WR 
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Table 6-1 (Cont'd} 

+2.2 

+2.3 

+3.0 

+4.6 

+2.9 
+3.3 
+4.0 
+2 . 1 

+3.2 

+3.8 

-1.7 
+5.7 
+3.0 
+2.7 
+0.5 

+1.8 
+4.5 
+4.5 

+2 .4 

Remarks 

Vein quartz from an ore body in the 
Gold King mine, 6 mi N of Silverton. 
Altered Treasure Mtn. rhyolite, road
cut on U.S. highway 550, 1.1 mi S of 
Red Mtn. Pass. 
Silverton Volcanic Group, roadcut on 
U.S. highway 550, 0.9 mi N of Red Mtn. 
Pass. 

Silverton Volcanic Group, roadcut on 
U.S. highway 550, 2.5 mi N of Red Mtn . 
Pass (San Juan Co. line). 

Fresh, unaltered mg pyroxene gabbro 
from Stony Mtn., 6 mi SW of Ouray (see 
Forester & Taylor, 1972, and Dings, 
1941). 
Highly propylitized diorite porphyry 
(Kmp on map) in Canyon Creek, 3 mi SW 
of Ouray. 
Slightly chloritized & uralitized gabbro 
dike, N-trending, 1.0 miN of Cedar Hill 
Cemetery, N of Ouray. 
Euhedral comb quartz. 

Silverton quartz monzonite, 1 mi SW of 
Silverton on the Silverton-Durango high-
way. 
Cretaceous diorite porphyry, 37°59'5" 
(N Lat), 107°42'30" (W Long) . 
Silverton Volcanic Group, felsite porphyry 
Burns Formation, 1.5 mi S of Red Mtn. Pass . 
San Juan Tuff, altered andesite tuff, 37° 
58'40" (N Lat), 107°43'0" (W Long). 
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1. The unit names given are not necessarily the rock types. 

2. All sample numbers without letter prefix are SM- . 
All Col- samples are from Taylor (1974a). 
All SJ- samples are from Taylor(l974a), except SJ-1, SJ-1 7, and 
SJ-19. 
VAG samples provided by Armstrong (see Armstrong, 1969). 

3. Abbreviations are WR = whole rock; F = plagioclase feldspar; K = 
alkali feldspar; Q = quartz; q, k, p =quartz, alkali feldspar, 
and pyroxene phenocyrsts, respectively; B = biotite; Chl = chlorite; 
Ct = calcite; 0 = dolomite; A = amphibole; M = magnetite; P = pyroxene; 
Calc'd = calculated; avg = average; * = acid-treated to remove 
carbonate. 

4. o18o values relative to SMO~/; the number in parenthesis is the number 
of separate determinations; error is the average deviation from the 
mean. 

5. Abbreviations are vfg = very fine grained; pheno = phenocyrsts; gdmass = 
groundmass; amyg = amygdules; qtz = quartz; plag = plagioclase; mag = 
magnetite ; biot = biotite; ct = calcite; chl = chlorite; seriz = seri
citized; amph = amphibole; feld = feldspar; hem = hematite; cpx = 
clinopyroxene; px = pyroxene; ep = epidote; opx = orthopyroxene; K = 
alkali feldspar. Minerals that are underlined are secondary phases. 
Dusty feldspar (usually plagioclase) has scattered, dust-like inclusions 
which are probably largely magnetite (see Plate 8-1 ). Cloudy feldspar 
is due mainly to mild sericitization, while in turbid feldspar, the 
mineral seems to be dominated by the white micas. The extreme effect 
leads to an opaque-like appearance of the feldspar (see Plate 8-2). 
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G 

107° 30
1 
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-137 

Figure 6-1 . o18o and 60 ana lyses of igneous rocks fro~ the Western San Juan 

t1ountains , Colorado . The o18o values are all whole-rock samples , 

except Q = quartz , K = alkali feldspar , and M =magnetite. Data 

on vol canic rocks (blank pattern) are shown in italics and for 

intrusive rocks (stippled pattern) in regular lettering . The Phan

erozoic sedimentary rods are shmm in a diagonal - lined pattern . Large 

negative numbers are 60 values on chlorite or biotite . Data from 

Taylor , 1 9 7~a, Forester and Taylor , 1972 , and this work . 
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Figure 6-2. Geologic map of the Stony Mountain region 1 ~revised after Dings, 1941), showing most of the 6 0 
analyses obtained in the present study. Only 
at the inner diorite-gabbro contact are the data 
generalized (see Table 6-1). 

Figure 6-3. A highly schematic cross section through the 
Stony Mountain intrusive complex on the right 
and the Sneffels Arm extension on the left, 
based principally on a geologic map b~ 8 Dings (1941), showing all the whole-rock 6 0 data 
obtained in the present research. All samples 
are plotted at their exact elevations, but 
their spatial relationships are only diagram
matic, as all data-points have been projected 
onto the plane of the section, assuming cylin
drical symmetry in the yicinity of the main ring 
complex. Generalized 61Bo contours are shown 
as heavy black lines at 618o = +5, +3, +l and 
-1 per mil. The reconstructed Tertiary land 
surface is drawn on the basis that the maximum 
thickness of Gilpin Peak Tuff (GPT) exposed 
anywhere in this vicinity is about 400 m on 
Potosi Peak. The total original thickness was 
probably about 520 m (see Luedke and Burbank, 
1968). Also note that the Stony Mountain stock 
was probably intruded very soon after the de
position of the Gilpin Peak Tuff {Lipman et al., 
1970). PF = Picayune Formation (Silverton-Group). 
SJT = San Juan Tuff. The central diorite intru
sion and the San Juan Tuff are both shown as 
blank pattern. The gabbro is cross-hatched. The 
outer diorite is the large dotted pattern; the 
finer dotted pattern is the quartz monzonite and 
monzonite. The elongate body that cross-cuts the 
Sneffels Arm gabbro and quartz monzonite is a late 
rhyolite. Dikes are shown as lines of rectangular 
bars. Veins are shown as thin, wavy lines (after 
Forester and Taylor, 1972). 
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a volcanic plateau appreciably higher in elevati on than the 

Eastern San Juans (as is the case today ); (2) the mid-Tertiary 

topographic barriers may have been such that the Silverton

Ouray area received most of its precipitation from Pacific 

storms, whereas the southeastern San Juans obtained most of 

their rainfall and snowfall from the Gulf of Mexico (also 

generally true today in the two areas); and (3) the meteoric

hydrothermal systems may have terminated at different times 

in the two areas. Note that Bethke et ~· (1973), in a study 

of the fluid inclusions from the Creede district, Eastern San 

Juans, concluded that the ore fluid was dominantly meteoric 

water with oD ~ -58. 

Let us examine how the regional 18o-depletion in the 

Silverton area could have taken place, in the light of the 

tectonic and volcanic evolution in the Western San Juans. 

Section A of Figure 6-4 (from Luedke and Burbank, 1968) re 

presents the eruption of the San Juan Formation. The San 

Juan volc anic depression (see also Figure 5-3) formed by a 

major subsidence (arrow in Section B) and the Silverton Vol

cani c Group was confined within the structure . Graben faults 

and radial fractures formed as a result of resurge nce (Section 

C), with accompanied volcanism. The young unit (Potosi Vol

canic Group) was erupted, largely as voluminous ash flows, 

with subsequent subsidence of t he Silverton and Lake City 

cauldron s , as shown by the arrow in Section D, Figure 6-4. 

Further resurgence, doming and graben formation (Section E) 
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generalized volcanic and stru ctural evolution 
of the Western San Juans(after Luedke and 
Burbank, 1968 ). 
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resulted in intrusive activity, especially along the radial 

and concentric fractures related to the subsided blocks. 

From the above account of the volcanic and structural 

evolution, it is evident that subsequent to the formation of 

the San Juan volcanic depression, a highly fractured and 

jo inted volcanic pile developed over an extensive magma 

chamber of batholithic dimensions. This gigantic heat source, 

along with the cooling pile of lava flows, could have pro-

vided sufficient energy to heat up, drive, and circulate 

meteoric ground waters throughout a very large volume of 

rock. Thus, pervasive oxygen isotopic interactions with 

heated meteoric waters could have occurred in the volcanic 

pile, perhaps accounting for a reduction in the average 

regional o18o value of from about +7 or +8 to about +4 . 

The hydrothermal convection systems produced by the many 

stocks and smaller intrusions in this area (only the larger 

bodies are shown in Figure 6-1) could also be important . 

Therefore the regional 18o depletion in part may be a result 

of the combined effects of many overlapping meteoric-hydro

thermal alteration systems produced by the myriads of stocks 

present throughout the area. 

One other way to account for some of the 18o-depletions 

in the volcanic rocks is through the interaction of meteoric 

waters and magmas to produce low- 18o silicate melts . It is 

thus possible that some of the primary ash-flow tuff magmas 

had o18o values as low as +4 when they erupted. This possi-
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bility has been suggested by Friedman~~ · (1 974) as an 

explanation for low- 18o ash-flow tuffs in Nevada, Colorado 

and Wyoming. 

6.2 Isotopic relationships in the volcanic country rocks 

Thirty-three whole rock o18o analyses of volcanic and 

dike rocks immediately surrounding the Stony Mountain stock 

are plotted in Figure 6-5 and contoured (see also Figure 

6-3). The main features shown by the isotopic data are the 

following: (1) the San Juan Tuff displays the lowest o18o. 

with values ranging from +4.3 to -1.1 and averaging +1 . 6 (23 

samples, with a standard deviation of 1.4); (2) there is a 

general increase in 18o content of the volcanic rocks as we 

go upward in the sequence. The three o18o values of the 

Picayune Formation average +1.9, while six samples of the 

uppermost volcanic unit, the Gilpin Peak Tuff, average +3. 1; 

and (3) the dike rocks have o18o values similar to those of 

the rocks they intrude. 

There are several explanatio ns possible fo r the isotopic 

pattern displayed in Figure 6-5. In our model for the inter-

action of heated meteoric ground waters with igneous rocks, 

we note that convective circulati on of the ground waters is 

such that the heated, and thus less dense, waters move upward 

in the vicinity of the intrusion (heat source). Unless there 

is vastly more oxygen in the supply of water than the amount 



T
E

R
T

IA
R

Y
 

C
J 

M
on

tr
O

II
lt

d
 

br
oc

co
o 

p
op

e 

C
J
 

R
hy

ol
tl

o 

C
J

 
In

n 
u

 
d

iO
tt

tt
 

C
J 

O
uo

rl
r 

m
O

'II
O

'I
tl
l 

C
J 

G
ab

b
ro

 

D
 

H
o

rn
b

le
n

d
e 

m
o

l'
lt

o
n

tt
t 

c:
:J

 
O

ut
er

 
d

•o
ti

lt
 

C
J 

Go
lpo

~ 
Pt

o~
 

T
uf

f 

C
J 

Pt
C

O
yu

no
 

~
o
r
m
o
t

to
n
 

C
J 

S
o

n
 

Ju
an

 
T

uf
f 

PR
E

C
A

M
B

R
IA

N
 

0 
O

u
o

rt
zt

ll
 

-
-

D
yk

e 

..
..

..
..

 
I.I

O
JO

< 
•t

tl
l 

0
1 

m
•n

tt
o

lt
u

d
 

h
oc

lu
r

t 

F
ig

u
re

 
6

-5
. 

I~ II
 tJ
 

S
c
a
le

 
(m

tt
e
r'

J 

W
ho

le
 

ro
ck

 
6

18
o 

co
n

to
u

rs
 

o
f 

v
o

lc
an

ic
 

an
d 

d
ik

e 
ro

ck
s 

in
 

th
e 

v
ic

in
it

y
 

o
f 

th
e 

S
to

n
y

 
M

ou
nt

ai
n 

st
o

ck
. 

B
la

ck
 

d
o

ts
 

ar
e 

sa
m

p
le

 
lo

c
a
li

ti
e
s
. 

1
.0

 
0"

1 



97 

of oxygen in the rock through which the water passes, the water 

must increase its o18o value due to high temperature isotopic 

exchange with the igneous country rocks. Thus, by the time 

it has passed through the lower volcanic units and reached 

the volcanics at higher elevations, the water will no longer 

show the same degree of 11 isotopic contrast 11 relative to 

'normal • igneous o18o values that it had when it first en

tered the hydrothermal convective system. The correlation 

between o18o and elevation thus may be due to the water 

having undergone appreciable isotopic exchange by the time 

it reached the higher elevations; other factors being equal, 

if it had a higher o18o value it would not have as great an 

isotopic effect on the country rocks with which it exchanges. 

Other important possibilities are that there was a 

general increase in temperature with depth, or that more 

water may have passed through the older volcanics (San Juan 

Tuff) than the younger volcanic rocks. The latter might 

come about if the San Juan Tuff was the main aquifer in the 

vicinity of the Stony Mountain Stock . Either higher temper

atures or a larger water/rock ratio for the San Juan Tuff 

would give rise to more depleted o18o values, other things 

being equa 1. 

The San Juan Tuff is also slightly finer grained than 

the other volcanic units (see Figure 6-10). Obviously, iso-

topic exchange would be facilitated by fine r grained materia l s , 
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other things being equal. The smaller the grain size, the 

larger is the surface area that the minerals present to the 

exchanging fluid phase. Further, the finer the grain size 

of the minerals, the more numerous are the channelways 

(grain boundary contacts) for the aqueous fluid. This 

would also facilitate isotopic exchange. 

The fact that the dike rocks are similar in o18o to 

the volcanic rocks of comparable grain size suggests that 

the dikes were intruded either at an early stage or possibly 

while the igneous rocks in the area were still hot, and the 

meteoric-hydrothermal convection systems were still working. 

If the entire area had cooled down before the dikes were em-

placed, the dikes themselves would not represent sufficiently 

large "heat engines" to cause such extensive high-temperature 

exchange with the meteoric waters. This is in accord with 

the geologic evidence that most of the dikes are associated 

in time with the outer diorite period of ring intrusion 

(Dings, 1941) . It must be pointed out however, that dikes 

emplaced into plutonic environments tend to approach the 

o18o values of the rocks they intrude (Shieh and Taylor, 1969a; 

Turi and Taylor, 1971), so some of the exchange conceivably 

could have been with the liquid dike magmas after the country 

rocks became heated. 

All of the vo l canic rocks in the vicinity of the Stony 

Mountain stock have been lowered in 180 by at least 4 per mil, 
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and some must have been depleted by at least 8 or 9 per mil. 

This is because 'normal ' volcanic rocks with such chemical 

compositions have restri cted and well-defined ranges of o18o 
values (Taylor, 1968), typically +6 to +9 ( Figure 1-1) . The 

question arises then as to how much of this 18o depletion i s 

due to the presence of the plutonic igneous centers, and how 
18 much of it is du e to 0 e xchan ge before the plug s and stocks 

were intruded. On a regional scale, t hese quest i ons are not 

entirely inseparable, inas much as essentially simultaneous 

intrusive and extrusive igneous activity occurred throughout 

the evolution of the Western San Juan volcanic field, and 

both types of igneous activity presumably set up hydrothermal-

convective systems. On a smaller scale however, it may be 

possible to separate these two events. Thus the volcanic 

rocks in the immediate vicinity of the Stony Mountain stock 

are characterized by an average o18o < +2. Before emplacement 

of the many stocks along the caldera ring fracture and before 

intrusion of other stocks such as the Stony ~ountain complex, 

this volcanic terrain probably had o18o values greater than 

+4. The regional 180 depletion may have occurred prior to 

this intrusive episode or it may represent a regional 18o 

lowering due to the effects of overlapping alteration systems 

produced by the many intrusions in this district. In any case, 

a 2 to 3 per mi l depletion in 180 was apparently produced in 

the volcanic country rocks immediately surrounding the Stony 
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Mountain complex, presumably attributable to the meteoric

hydrothermal system established by this single ring-dike 

complex. 

Although it is also conceivable that the 11 early 11 re

gional 18o depletion is due in part to original eruptions 

of low- 18o melts (o18o ~ +4), this cannot represent a general 

explanation for all the Western San Juan volcanic rocks be -

cause there are several samples with normal or near-normal 

0
18o values (e.g. SJ-17). Post-crystallization hydrothermal 

alteration is the most plausible explanation of the o18o 

data, in the light of the results obtained on sample SM - 171. 

This sample has the most positive whole-rock o18o va l ue 

(+3. 1) of all the San Juan Tuff samples analyzed in the 

vicinity of the Stony Mountain stock . It has a o18o0 = +7.1 

and thus the quartz presumably had a o18o at least a s high 

as +7. 1 before the Stony Mountain complex was emplaced. In 

an original equilibrium mineral assemblage such quartz would 

be expected to coexist with a whole-rock o18o ~ +6 . 2 or 

higher (Taylor, 1968), so that the magmatic or whole-rock 

o18o of SM-171 must have originally been at least as high as 

+6.2 . The original value probably was higher than +6.2 

inasmuch as the quartz also may have been lowered in 180 

because of its exceedingly fine grain size (0.02 mm). Aphan-
18 itic volcanic rocks of this type typically have a 6 0 of +6 
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to +9, so essentially~ of the 18o lowering of this rock 

probably occurred subsequent to its crystallization. The 

San Juan Tuff magma may not have been isotopically homogen

eous, but if it was, all the o18o effects in the vicinity of 

Stony Mountain, as well as most of the regional c18o effects, 

must be due to subsolidus exchange. 

6.3 Hydrogen isotope systematics 

The hydrogen isotope data (Table 6-2) clearly confirm 

that meteoric-hydrothermal waters exchanged appreciably with 

essentially all the rocks in the Stony Mountain area. 

In natural mineral assemblages and in laboratory equil-

ibration experiments, sericite is found to concentrate 

deuterium relative to biotite and amphibole while chlorite 

generally has an intermediate oD value (Taylor and Epstein, 

1966; Suzuoki and Epstein, 1974). This general order of en

richment in oD is also displayed by the hydrous phases in the 

Stony Mountain region except that each phase is drastically 

depleted in deuterium with respect to 'normal • igneous and 

metamorphic rocks (on the order of 60 per mil, Figure 6-6). 

The white mica analyses, including samples from the volcanic 

rocks as well as the intrusive complex, are extremely uniform: 

oD = -117, -118 and -120. The volcanic rocks, with chlorite 

as the dominant hydrous phase, are also very uniform at -140, 

-146 and -147. The chlorite sample with the highest oD also 
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has some white mica present; this may account for its heavier 

oD value inasmuch as white mica is known to concentrate 

deuterium with respect to chlorite. The only amphibole 

analyzed for D/H has a a -value of -138. 

In contrast to the other hydrous minerals, the biotites 

cover a large range of oD values, from -119 to -150. It is 

interesting that the -119 value comes from an unusually coars e 

grained gabbro (SM-159) with one of the highest o18oR values 

found at Stony Mtn. and also with the most •normal • plagioclase 

pyroxene 180 fractionation. This biotite may therefore have 

undergone only partial hydrogen isotope exchange. Also, this 

sample comes from the top of Stony Mtn.; thus it may have 

come into contact with cooler meteoric-hydrothermal solutions, 

which would favor less complete exchange. However, it is 

probably not possible to account for the entire 31 per mil 

oD variation of the biotites solely on the basis of partial 

exchange or mixing between magmatic H2o and meteoric H20. 

All these rocks to some extent have been depleted in 18o, 
which demands appreciable quantities of heated meteoric 

waters (see Section 6-11). Inasmuch as water has several 

tens of times more atom per cent hydrogen than the rocks, 

the initial (magmatic) hydrogen isotope values would in al

most all cases be completely w1ped out. Except for sample 

SM-159, the present variation of oD in the biotites mu s t 

therefore reflect variables other than significant mixing of 

waters of magmatic and meteoric origin. 
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If the isotopic composition of the meteoric water was 

constant, then part of the 31 per mil variation in the bio

tites may be explained by variations in temperature. Using 

the relationship between hydrogen isotopic fractionation 

factors and temperature as given by Suzuoki and Epstein 

(1970) , to explain the entire effect would require a temper-

ature variation of about 400°C . It is unlikely that these 

few random samples of the gabbro would have undergone such 

drastic differences in cooling history or subsolidus deuteric 

effects. Also, this would imply an upward increase in temper-

ature in the volcanic section, because of the relation be-

tween elevation and oD shown in Figures 6-7b and 6-8. A 

more plausible explanation lies in the fact that hydrogen 

isotope fractionations depend not only on temperature but on 

the type of cation to which the OH is bonded (Suzuoki and 

Epstei n, 1974). Thus, at a given temperature, annite wou ld 

be expected to have a different value of oD than phlogopite 

equilibrated with the same water . The relationship determined 

by Suzuoki and Epstein (1974) is : 

= -22.4 (l~:)+ 28.2 + 2XAl 

where X represents the mole fractions of various cations in 

the biotite . Thus at equilibrium, for a given temperature 

and oDH 0 , a biotite with a higher ratio of Fe/Mg would contain 
2 
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Fi gure 6-6 . Plot of oD vs 618o for se r icites, biotites, 
amphiboles, and chlorites fr om the Stony 
Mo untain region, Colorado. The field of 
'normal' biotites and hornblen des is also 
shown, along with the meteo ric water line 
(Craig, 1961) and the kaolini t e line (Savin 
and Epstein, 1970a) . 

Figure 6-7a. Plot of oD vs Fe/(Fe + Mg) for fo ur biotites 
from the Stony Mountain gabbro. The size of 
the box indicates the analytical precision . 
The sample with highest oD value (SM - 159) may 
be only partially exchanged (see te xt). 

Figure 6- 7b. Pl o t of oD vs elevation for biotites fro m the 
Stony Mountain gabbro . Height of bar indicates 
error on the 60 ana l ys is. 
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less deuterium than one that had a lower ratio of Fe/Mg. In 

Figure 6-7a we plot oD vs Fe/(Fe + Mg) for four pure biotite 

separates from the Stony Mountain gabbro. The Fe/(Fe + Mg) 

ratios (Table 6-3) were determined on the Caltech MAC Model 

5-SA3 probe which is completely automated and interfaced 

with a PDP-8/L computer. The accelerating voltage was 15Kv 

and a large spot ( ~ 15~) was used. Although the correlation 

is not perfect, the two biotites with the highest Fe/(Fe + 

Mg) ratios have the lowest concentration of deuterium. Ex-

eluding SM-159 for the reasons given above, and assuming that 

the other three biotite samples last equilibrated with waters 
0 

at about 500 C, we can use the equation given above to cal-

culate oD values of the waters coexisting with these three 

biotites. The values range from -100 to -110 (Table 6-3). 

Applying the same calculation to SM-159, we obtain oDH 0 = 
2 

-90; thi s is probably a little too heavy, again perhaps sug-

gesting that this sample was only partially equilibrated with 

the meteoric waters. Thus, simply by assuming a constant oD 

value of about -100 to -110 for the meteoric waters and an 

equilibra tion temperature of approximately 500 °C, most of 

the oD variations of the Stony Mountain biotites can be ade-

quately explained. Applying the meteoric water equation of 
18 Craig (1961) this gives an initial o OH 0 ~ -14 to -15. 

2 
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Applying the same equation to the white mica analyses, 

but assuming a lower equilibration temperature of about 350° C 

and XAl ~ 1, the calculated oOH 0 values are also about -100, 
2 

in agreement with the value calculated using the biotite data. 

It seems reasonable to assume a lower equilibration tempera

ture for the sericites than for the biotites because the 

former came from more highly altered rocks and are much finer-

grained. Thus, they probably formed at lower temperatures 

and/or they would have probably continued to exchange 0/H 

down to lower temperatures. 

The fact that hydrogen isotope fractionation depends on, 

among other things, the type of cation to which the OH is 

bonded, may account for the chlorite samples having less 

deuterium than expected on the basis of the 0/H data on high

Al chlorites from pelitic schists obtained by Taylor and 

Epstein (1966). Similar systematics in hydrogen isotope 

ratios have also been found at Skaergaard, East Greenland 

(Taylor and Forester, 1974). The chlorites from regionally 

metamorphosed pelitic schists, in general, have both lower 

Fe/Mg ratios and higher Al contents than chlorites occurring 

as amygdule fillings or associated with alteration of igneous 

rocks (Albee, 1962). Both of these chemical effects would 

favor lower oO values in the chlorites from igneous rocks 

than in the chlorites from metasedimentary rocks. 
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The correlation between 60 of the biotites and the ele-

vation at which these samples are found (Figure 6- 7b) also 

seems to hold when the hydrogen isotope data for all of the 

samples are plotted against their respective elevations 

(Figure 6-8). The reason for this relationship is not known, 

but it is probably in part a result of the fact that the 

white mica samples come from a rather restricted range of 

elevations. Figures 6-7a and 6-7b imply an anticorrelation 

between the elevation of the biotite sample and its Fe/(Fe + 

Mg) ratio, and the latter conceivably could be controlling 

the 60 values as explained above. However, there is no ob

vious reason why the Fe/(Fe + Mg) ratio should increase with 

depth and this may reflect lack of sampling. 

6.4 Oxygen isotopic variations within the Stony Mtn . com plex 

Forty-six whole rock o18o values of the intrusive ring 

complex of Stony Mtn. are plotted and contoured in Figure 6-9. 

The outer diorite and hornblende monzonite range from +5.9 to 

-1.1, and average +3.7 {16 samples) with a standard deviation 

of 1 .8. The gabbros and quartz monzonites range from +5.9 to 

+1 .4 and average +4.0 (20 samples; standard deviation= 1.3). 

Nine samples of the inner diorite range only from +3.3 to +1 . 3 
1 8 and have an average o OR = +2.2, with a standard deviation of 

0 . 7 . As shown by the o18o contour lines, the data are extremely 
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systematic; the lowest o18o values occur either at the margin 

of the complex, conforming roughly with outcrops of the outer 

diorite, or else they are confined to the central core of the 

stock . Note also that those samples with o18o > +5, that lie 

between the two +5 contour lines, define an annular region in 

the middle of the intrusive complex that conforms fairly well 

to the position of the gabbro ring dike (see also Figure 6- 3) . 

6.5 Effect of grain size 

It appears that, to a first approximation, the oxygen 

isotope systematics in the Stony Mtn. complex can be explained 

principally on the basis of the grain size of the various ig-

neous units, as might be expected if the exchange took place 

at subsolidus temperatures. Figure 6- 10 is a plot of the 

average 180 depletion in the various rock types at Stony Mtn. 

vs the average grain size of these rock types. The average 
18o depletion is estimated by subtracting the measured o18o 
of each rock type from the probable initial o18o value. The 

latter are estimated from typical values measured in 'normal' 

igneous rock types in other areas (Taylor, 1968) as follows: 

The San Juan Tuff, Picayune Formation, Gilpin Peak Tuff, 

quartz monzonite, rhyolite and breccia pipe are assumed to 

have had o18o = +8.5; outer and inner diorites, dikes and 
. 18 18 hornblende monzon1te, o 0 = +7.5; and gabbro 6 0 = +6.5. 
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These are somewhat arbitrary choices, but they are based on 

the following considerations. 

Assuming that the original magma was isotopically homo

geneous, the outer diorite magma must have had a o18o > +6.1 

when intruded, since this is the value of a pyroxene pheno

cryst in SM-200. The groundmass in this rock has a 618o = 

+5.8 but in •normal • igneous rocks a pyroxene is invariably 

lighter than the whole-rock value, not heavier as in the dis

equilibrium case here. Therefore, the 618o of the outer 

diorite magma was probably originally about +7.0 to +8 . 0 and 

could not have been lower than +6.5. Similarly, the gabbro 

clearly must have originally had 618o > +6.0 because the 

plagioclase of SM-159 has 6
18o = +6.5 and plagioclase is 

18 known to be extremely susceptible to hydrothermal 0 exchange 

(see below). This high an original 6 18o for the gabbro is 

also confirmed by a granodioritic phase of the gabbro (SM-113) 

which has a quartz o18o = +8.3. Quartz monzonite sample 
18 SM -112 has a quartz 6 0 = +8.3, so the initial whole-rock 

618o value of the quartz monzonite must have been at least 

as high as +7.5. The rhyolite has quartz phenocrysts with 

618o = +7.8, compatible with the original magma having a 

618o ~ +7.0 or higher. However, inasmuch as the quartz 618o 

may have been lowered slightly, and because many aphanitic 
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rhyolites elsewhere in the world have o18o ~ +8.5, the latter 

value is assumed here. The breccia pipe has a o18oQ = +9.4, 

so again an initial whole-rock value of +8.5 has been adopted. 

The inner diorite has a very narrow range of o18o values, but 

for the purpose of Figure 6-10, we have assumed it had the 

same init ial o18o value as the outer diorite. It will later 

be argued, however, that this was a rather exceptional in

trusion emp laced as an 'abn ormal • low- 18o magma. 

The correlation observed in Figure 6-10 is suspect since 

only average values have been used for a given rock unit . In 

Figure 6-11 are plotted representative individual samples 

from some of the units and it is now clear that, within most 

of the units, o18o depletions as well as grain sizes cover a 

large spectrum of values and the correlation is no longer so 

evident . Except for the inner diorite, the finer-grained 

rocks show a restricted range of grain sizes but a large 

range in o18o depletion values, whereas the coarser-g rained 

rocks, notably the gabbros, exhibit a spectrum of grain sizes 

but are not as variable in o18o depletion as the finer-grained 

rocks . 

The gabbro unit , because it exhibits a wide range in 

grain size, affords a useful test of the importance of this 

variable in the exchange process as well as testing whether 

or not exchange largely occurred at subsolidus temperatures. 

In Figure 6-12, eight representati ve samples of analyzed 



Figure 6-10. 

Figure 6-11. 

Figure 6-12. 
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Plot of average o18o depletion vs average grain 
size for the various rock units in the Stony 
Mtn . region (see text). 

Plot of estimated o18o depletion vs average 
grain size for representative samples of rock 
units in the Stony Mtn. region. Note the re
stricted range shown by the inner diorite 
samples. 

o18o vs average grain size for the Stony Mtn. 
gabb~o. Circles are analyzed plagioclases; 
squares are calculated from analyzed wh9ee
rock samples by adding 0.4 per mil to o OR 
(see text). 
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plagioclases, along. with five estimated values based on ana-

lyses of whole-rock samples,are plotted against average grain 

size. For plotting purposes, it is assumed that the plagio

clase is 0.4 per mil heavier than the whole rock o18o value, 

this being the average difference in eight gabbro samples 

where both the plagioclase and the whole rock values were 

d Th . 1 t" b 18 d . measure . ere 1s a corre a 1on etween 6 OF an gra1n 

size (except for two samples discussed below) which indicates 

that almost all of the 180 lowering can be accounted for by 

exchange in the solid state and that, other things being equal, 

the larger the grain size the better preserved are the initial 

o18o values. The two samples that clearly fall off this trend, 

SM-90 and SM-9la, are respectively 45 and 0 meters from the 

contact with the intrusion of diorite. Thus these two samples, 

along with SM-98a, emphasize that the central portions of the 

gabbro have been significantly affected by the nearby later 

. t . f h 1 l 8o . d . . t 1n rus1on o t e ow- 1nner 10r1 e. Thus they have ex-

perienced an oxygen isotope exchange event that did not affect, 

to any great extent, the other samples. It is also interesting 

to note that those samples close to the contact with the inner 

diorite provide o18o evidence of the relative ages of the two 

units because it is likely that the o18o values of the gabbros 

were lowered during or after the intrusion of the diorite. 

Grain size is obviously an important variable in deter-

mining the final isotopic composition of a rock that is t•nder-
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going oxygen isotopic exchange at subsolidus temperatures. 

It is equally obvious, however, that grain size alone cannot 

account for the isotopic patterns shown in Figure 6-10 or 

6-11 . 

6.6 Effect of fractures and hydrothermal veins 

The size, abundance and location of fractures and hydro

thermal veins will have two important effects on the exchange 

process: (1) they will, to a certain extent, control the 

circulation of the meteoric-hydrothermal solutions and (2) 

because most of the water will be moving along these fractures, 

rocks in close proximity to them will be affected to a greater 

degree than those at large distances, other things being equal. 

The main structural features in the northwest San Juan 

Mountains are the persistent veins, fractures and dikes that 

generally trend N45°W and are related to the northwestern side 

of the Silverton caldera (Figure 5-2). Many of these fractures 

are filled with vein and dike material and represent econo 

mically significant ore bodies (Mayor and Fisher, 1972). The 

Stony Mountain stock has imposed a radial set of dikes upon 

this pattern (Dings, 1941) and, in addition, the intrusive 

rocks are crisscrossed by myriads of tiny fractures and vein

lets. These would allow easy access for the heated ground 

waters and thus promote oxygen exchange with the minerals in 

the Stony Mountain complex. A sample situated right at the 
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wall of the fracture will be exposed to the highest water/ 

rock ratio because of the large quantity of H20 passing 

through that channelway, whereas rocks further away from 

the fracture would be subjected to smaller water/rock ratios. 

A possible example of this effect is seen in SM-89 

which was collected within 0 . 5 m of a major mineralized 

fracture (Circassian vein, 8urbank, 1941). This outer 

diorite sample has by far the lowest 618oR value found any

where in that unit, namely -1.1, yet is equivalent in grain 

size and mineralogy to most other samples of the diorite. 

It is concluded that its close proximity to the major frac

ture allowed the rock to experience an 18o depletion of about 

9 per mil. Another possible example is the inner diorite 

sample SM-97 with 618o = +1 .3; it was collected within 10m 

of a major vein system in the district (see Figure 6-2). 

The vein minerals themselves were apparently deposited 

from meteoric-hydrothermal solutions. Evidence of this is 

seen in samples SM-74d, SM-116, SJ-1 and Col-3R. Crypto

crystalline vein quartz of SM-74d has o18o = -1 .8. If this 

was deposited at about 300° C, application of the oxygen iso

tope fractionation curve for the quartz-water system of 

Clayton !l il· (1972b) indicates that water would have a 

618o ~ -9. The euhedral comb quartz crystals of SJ-1 have 

a 618o = -1.7 and if crystallized in equilibrium with H20 at 

300° C it also would have formed from a water with 6180 ~ -9 . 
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Similarly, the euhedral quartz crystals from a vein just 

s outh of the Yankee Boy Vein (Burbank, 1941) have o18o = +5.1 

and at 300° C this would have formed in equilibrium with a 

water of o18o ~ -2. Quartz from the Gold King mine (+2.2; 

Taylor, 1974a) must have been deposited from a flu i d with 

o18o ~ - 5 to -10, if the temperature of deposition was in the 

range 200 ° - 400 ° C. Even more striking in this regard is a 

vein dickite {o18o = -6.2, oD = - 141; Sheppard~~·, 1969) 

from the Ouray area. Based on data from these various sam-

ples it seems clear that most of the minerals in the hydro 

thermal vein systems from the Silverton-Ouray area were de 

posited from fluids that were dominantly meteoric in origin. 

This is very reasonable for epithermal mineral deposits in 

volcanic regions, based on recent studies in western Nevada 

by Taylor (1973) and O'Neil and Silberman (1973). 

6 . 7 Effect of mineralogy 

From both laboratory experiments, and based on 18o; 16o 
analyses of coe xisting minerals, it is apparent that all 

mineral s do not pre s ent the same s usceptibility to oxygen 

isotopic exchange {O' Neil and Taylor, 1967; Clayton~~·, 

1972b; Taylor, 1968). One of the cleares t examples of this 

in the Stony Mountain area is shown by the coexisting qua rt z 

and alkali feldspar phenocrysts in the intrusive rhyolite. 

The phenocrysts of quartz and alkali feldspar are both about 
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1 to 2 mm in size, yet 0
18oQ = +7.8 whereas 0

18oK = -1 .6. 

In •normal • rhyolites the alkali feldspar is typically only 

about 0.8 to 1.0 per mil lower in 18o than the coexisting 

quartz. Thus, in this Stony Mtn. sample the feldspar has 

be en depleted in 180 by at least 8.4 per mi l. 

In the Stony Mtn. mineral assemblages, quartz con

sistently has the heaviest 18o; 16o ratio and is most normal 

in its oxygen isotopic composition; the 0 
18oQ values range 

from +11.8 to +6.3 (excluding vein quartz). The highest 

o 18o values (+11 .8, +11.3, +10 .6) are from quartzite inclu

sions in the Sne ffels Arm Gabbro and are within the 6 18o 

range for sandstones and quartzites found elsewhere (Garlick 

and Epstein, 1967; Anderson, 1967; Taylor and Epstein, 1962b; 

Clayton and Mayeda, 1963). It is abundantly clear that quartz 

is the most resistant of the common rock - forming minerals to 

oxygen isotope exchange. This has also been shown by Taylor 

(1968; l97l);Forester and Taylor (1972); Taylor and Forester 

(1971); Clayton~~· (1968a) and Garlick and Epstein {1966; 

1967). 

6.8 Oxygen isotopic relationships among minerals 

The oxygen isotopic fractionations between coexisting 

minerals in the rocks of the Stony Mountain intrusive comp lex 

are, in general, indicative of non-equilibrium . All coexisting 

minera l data from th e gabbros, quartz monzonites and an inner 
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diorite are plotted in Figure 6-13. The o18o values of vari-

out pairs of coexisting minerals from the Stony Mountain 

complex are also plotted in Figure 6-14abcd. 

In Figure 6-13, the samples are arranged in order of de

creasing o18oF . The column at the extreme left represents 

the hypothetical original Stony Mountain gabbro immediately 

after crystallization, with all minerals initially in oxygen 

isotopic equilibrium. 

In the plagioclase-pyroxene plot (Figure 6-14a) the four 

mineral pairs are all from the gabbro unit. Typical plagioclase

pyroxene fractionations (1000 lna) in quenched mafic igneous 

rocks are about 0.6 (Anderson~~' 1971; Garlick, 1966) 

whereas the corresponding fractionations in mineralogically 

equivalent intrusive rocks are approximately twice as large 

(about 1.1, Taylor, 1968; 1969), indicating subsolidus ex

change has taken place during the slow cooling of these plu 

tonic rocks. In Figure 6-14a this 0 . 6 to 1.1 per mil range 

of plagioclase-pyroxene fractionations are plotted as a tenta-

tive 11 equilibrium 11 band and compared to data from the liter

ature. Thus, any points falling within the 11 equilibrium .. 

band, depending on their a-values, would represent (1) a 

•normal• unaltered mineral assemblage of gabbro, (2) crystal

lization of a low- 18o gabbro melt, or (3) a normal gabbro in 

which both the coexisting plagioclase and pyroxene have been 

lowered in 18o by equal amounts at subsolidus temperatures. 
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Figure 6-13. 618o values for all coexisting minerals from the 
Stony Mountain gabbros, two quartz monzonite 
samples (SM-109; 112), a rhyolite (SM-103), and 
an inner diorite (SM-99b). The first column re
presents the 6

18o values of coexisting minerals 
from a hypothetical original gabbro. Except for 
the rhyolite and inner diorite, all samples are 
arbitrarily arranged in a sequence according to 
decreasinq 6

18oF. Note that the feldspar of 
SM-103 is K-feldspar (Table 6-1 ). 

Figure 6-14. 618 o data for coexisting plagioclase-pyroxene 
(6-14a), plagioclase-biotite (6 - 14b), plagioclase
magnetite (6-14c), and quartz-feldspar (6-14d) 
from the Stony Mtn. complex, compared to other 
values from the literature. The ' equilibrium' 
bands shown in this series of diagrams are based 
largely on analyses of coexisting minerals from 

igneous rocks by Taylor (1968) and Anderson ~ ~

(1971 ). Additional references are given in the 
appropriate diagrams. The stippled band in 6-14c 
represents the range of both plutonic and volcanic 
equilibrium values. 
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Note that almost all of the analyses of coexisting minerals 

from the literature fall within the "equilibrium" band. 

However, only one Stony Mountain sample falls within this 

zone. This sample is the aforementioned SM-159 from the 

very top of Stony Mountain (3870 m}; it contains the most 
1 8o . h l . 1 d b b . th -r1c p ag1oc ase an pyroxene of any ga ro 1n e com-

plex and its biotite has the highest oD value (see Figures 

6-2 and 6-7). As mentioned previously, this rock could re 

present crystallization from a normal basaltic magma having 

o18o ~ +6.0. Nevertheless, it is also plausible to suggest 

the pyroxene and plagioclase have each been l owered in o18o 
by a small amount (perhaps 0.5 per mil?) at subsolidus temp

eratures, because (a) the oD of the biotite in SM-159 is - 119 

and thus it has been at least partially affected by Tertiary 

meteoric hydrothermal solutions, and (b) textural ly, although 

the rock is one of the least altered gabbro samples, it does 

show evidence of having been slightly altered (see Table 6- 1) . 

In any case, if there has been any subsolidus exchange it 

must have occurred at high temperatures ( ~ 500 ° C) because the 

plagioclase-py roxene 18o fractionation is indicative of 

equilibrium at high temperatures. Part of the reason for 

the excellent preservation of the oxygen isotopic ratios in 

SM-159 may lie in the fact that both pyroxene ( ~2 mm) and 

plagioclase ( ~ 3 mm) are among the coarsest in grain size of 

all the minerals in the Stony Mountain complex. 
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The two data points in Figure 6-14a that lie below the 

11 equilibrium 11 band represent samples where the plagioclase 

has undergone more 18o depletion than the coexisting pyroxene, 

compatible with the known fact that feldspar is more suscep

tible to oxygen isotopic exchange than any other rock-forming 

mineral. The data point lying above the band represents a 

sample where pyroxene has apparently undergone slightly more 
18o depletion than the coexisting plagioclase. Unfortunately, 

the pyroxene separate analyzed from this rock was not pure; 

it is intimately intergrown with, and altered to, ch lor ite. 

Such chlorite would be expected to have a very low o18o value, 

probably accounting for the anomalously low o18o value of 

this pyroxene concentrate. 

In Figure 6-14b coexisting plagioclase and biotite pairs 

are plotted and compared to data points from the literature. 

Unaltered plutonic rocks typically have ~ F- 8 = 2.5 to 4.5 

(Taylor and Epstein, 1962b; Taylor, 1968; Shieh and Taylor, 

1969a). Volcanic rocks usually have smaller fractionations; 

Taylor (1968) gives analyses of two volcanic rocks that have 

~ F- 8 = 2.1 and 1.0. The four gabbro samples from Stony Mtn. 

have ~ F- 8 values of -0.7, -0.3, 0.0, and +1.4. This indicates 

that biotite was more resistant to exchange with circulating 

meteoric-hydrothermal fluids than was plagioclase . However, 

a problem arises when it is realized that if the plagioclase 

was initially about +7.0, then based on data on plutonic rocks 
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from other occurrences, the initial 618o of the coexisting 

biotite should be about +5.0 or less. Yet two of the bio-

tites have 6180 = +5.5 and +5.6 (Figure 6-13), indicating 

a lack of any 180 depletion and perhaps even a small 180 

enrichment. A possible way out of this dilemma is to as

sume that the gabbro originally had 618oF ~ +7.5. 

There is reason to believe that biotite should be some-

what susceptible to low temperature, retrograde isotopic ex-

change (Schwarcz ~ ~·, 1970; Garlick and Epstein, 1967). 

However, there is no correlation between 618o8 amd the grain 

sizes of the biotites. Experimental work on equilibrium 

oxygen isotope fractionations involving biotite has not yet 

been done, so inferences must be based solely on data from 

natural assemblages. The scatte r of points in the 6F-B vs 

6Q -B of Figure 17 of Shieh and Taylor ( 1969a) may be due to 

a variety of reasons: variations in Fe/Mg of the biotites, 

different oxygen fugacities at the time of crystallization, 

retrograde exchange effects and variations in the An content 

of the coexisting plagioclase. Also, volcanic biotites are 

often deficient in hydroxyl with respect to biotites in plu

tonic rocks (Friedman~~., 1964) and this may in part 

account for a variation in 6- values (Taylor, 1968). The 

above complications might be responsibl e for the apparently 

anomalously high 618o8 values from the two Stony Mtn. gabbros. 
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As shown in Figure 6-14c, an approximately linear re

lationship exists between o18o values of coexisting plagio-

clase and magnetite from Stony Mountain. Only one data point 

falls outside the zone of 'normal' igneous fractionations and 

in this sample plagioclase has clearly suffered more 180 de

pletion than did the coexisting magnetite. All of the other 

data points fall within the 11 equilibrium 11 band defined for 

mafic volcanic and plutonic rocks. Thus all but one of the 

~ F-M values measured in the Stony Mtn. complex are remarkably 

uniform: 3.9, 3.2 and 2.6 for the gabbro, 3. 3 for the inner 

diorite, and 3.2 for a quartz monzonite. Using the experi

mentally determined oxygen isotope geothermometer for plagio

clase -H 20 (O'Neil and Taylor, 1969) with the empirical cali

bration for magnetite-H 20 by Anderson!!~· (1971), the 

above ~ -value s give temperatures of 770°, 880°, 1005° , 880° 

and 910°C, respectively. These isotopic temperatures a~e all 

reasonable values (±100°C) for crystallization of such igneous 

rocks. The o18oF in these samples, however, is to 5 per mil 

lower than 'normal' igneous plagioclase and, in general, the 

plagioclase is not in isotopic equilibrium with the other co

existing minerals (Figure 6- 13 ). Except for the inner diorite, 

these calculated temperatures thus are meaningless, unless (1) 

both the magnetite and the plagioclase in each rock suffered 

approximately the same amount of subsolidus 18o lowering, and 

(2) hydrothermal exchange occurred at T ~ 800°C. 
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In the s e particular rock samples, magnetite and plagio

clase might have exhibited equal apparent susceptibility to 

oxygen i s otopic exchange because the magnetite is an order 

of magnitude smaller in grain size than the plagioclase, and 

the magnetite in most of these samples is a composite of 

several generations of magnetite formation - original igneous 

magnetite and 'deuteric' or •alteration' magnetite as described 

by Dings ( 1941) . In fact, it is possible t hat none of the 

original igneous magnetite has e xchanged at all, the measured 

o18oM value simpl y being the composite of unadulterated ig

neous magnetite (o 18oM ~ +2.5; see Figure 6-13) and magnetite 

produced during the hydrothermal alteration by heated meteoric 

waters ( 618oM ~ -6). A mass balance calculation shows that 

this would require about 90 % of the magnetite to be totally 

unexchanged. 

The breccia pipe exhibits an abnormally large disequili

brium ~Q-D = 7.2. It is likely that the quartz has retained 

its initial 618o value (+9.4) whilst the dolomite continued 

to exchange with meteoric waters down to lower temperatures. 

In Figure 6-14d, o18o is plotted vs 618o in two quartz Q F 

monzonite samples and one rhyolite; these values are compared 

with the •normal • quartz-feldspar fractionations in igneous 

rocks, which range from 0.7 to 2.0 (shaded portion of the 

diagram). The samples from the Stony Mountain complex are all 

drastically out of oxygen isotope equilibrium, with ~ Q -F = 4.2, 
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5.1 and 9.4. Because of the near-equal grain size and large 

disequilibrium fractionation displayed by the quartz and feld

spar, almost~ of the oxygen isotopic exchange could have 

taken place at subsolidus temperatures. Quartz is clearly 

very resistant to oxygen isotop e exchange compare d with al

kali feldspar. 

The general pattern that emerges from the discussion in 

this section is that (1) quartz is very resistant to isotopic 

exchange; (2) feldspar is very susceptible to exchange, and 

(3) most of the other rock-forming minerals are intermediate 

in their resistance to exchange; fine-grained magnetite, bio-

tite, and pyroxene all exhibit approximately the same suscep

tibility (see Figure 6-13). Magnetite is, however, probably 

more resistant to exchange than pyroxene or biotite of equi-

valent grain size, and in the Stony Mtn. rocks its isotopic 

relationships are complicated by more than one generation of 

formation. 

6.9 Mineral-whole rock 180 relationships 

In normal fresh volcanic rocks the plagioclase-groundmass 

fractionations are very slightly positive or zero, whereas the 

pyroxene-groundmass fractionations are negative (Garlick, 1966; 

Anderson~~., 1971). At Stony Mtn., even the outer diorites 
18 with the most normal' o 0 values exhibit isotopic reversals. 

For example, SM -200 is an apparently fresh porphyritic outer 

diorite sample with o18op = +6.1 and the groundmass with o18o = 
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+5 .8 . Another outer diorite specimen has 618oF = +2.9 and 

618oR = +3.4. Samples SM-112, SM-90 and SM-109 all show 

plagioclase-whole rock 618o reversals (Figure 6-13). Although 

all these samples have experienced 18o depletion, note that 

thi s would not be obvious had we only done one analysis from 

SM-200 (e.g. just the pyroxene). Thus, in an area known to 

have experienced meteoric-hydrothermal alteration, we must be 

cautious in pronouncing a rock •normal • solely on the basis 

of one analysis (especially of a resistant phase). 

6.10 Carbon and oxygen isotope ratios in carbonates 

Carbonate is a minor but ubiquitous phase in the altered 

volcani c and intrusive rocks of the Stony Mountain complex. 

In Figure 6-15, o13c is plotted vs o18o for eight calcites 

and one dolomite. There is a very slight tendency for o13c 
to increase with decreasing 618o. However, if the most posi

tive and most negative o13c values are thrown out, then 613c 
is seen to be indepen dent of o18o with an average value of 

- 5. 5. 

The 613c value of -5.5 is within the generally accepted 

range for deep-seated carbon from carbonatites (Taylor~~., 

1967; Conway and Taylor, 1969; Deines, 1970). In a recent 

analysis of carbon isotope values from carbonatites, kimber

lites and diamonds, Deines and Gold (1973) estimated the best 

average o13 c value for primitive carbon to be about -5.2. 
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Thus the isotopic data in the Stony Mountain area are compa

tible with the carbon in these altered igneous rocks having 

been derived from primary igneous source materials. 

The o18o variations of the carbonates are best explained 

in terms of varying 18o; 16o ratios of the meteoric ground 

waters that were undergoing exchange with the igneous rocks 

but, in part, they may also be due to temperature variations. 

For example, using the experimentally derived equilibrium 
18o fractionation curve for calcite-water of O'Neil ~ !l· 
(1969), the o18o variation of the calcites from +5.2 to -1. 8 

may be explained by their having last exchanged oxygen at 

250 ° C with a fluid varying in o18o from about - 3 to -10. 

These carbonates could a 1 so have formed from a fluid of con-

stant 0180 :::: -8, if the temperatures varied from about H20 
325° to 150° C. The actual situation probably was a combina-

tion of these two extremes with the isotopic composition of 

the waters and the temperature of exchange varying between 

narrow limits, around o18o:::: -7 and T :::: 250 ° C. The temper

ature at which the o18o of calcite is finally 'frozen in' is 

expected to be lower than for any of the silicate minerals 

(including the feldspars) because of the much faster kinetics 

of hydrothermal exchange in the calcite-H 20 system. 

As noted by Forester and Taylor (1972), the o18o values 

of the calcites are all close to the o18o values obtained in 

the whole-rock silicate samples from which the calcites were 
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separated. This is illustrated in Figure 6-16. A similar 

relationship was found by Clayton~~· (1968a) between 

the calcites and silicates of the Colorado River deltaic 

sediments in the Salton Sea geothermal area, and by Taylor 

(1973) from the altered volcanic rocks at Tonopah, Nevada. 

The reason for the similarity of o18o values is that both 

the carbonates and the silicates have largely equilibrated 

with the heated ground waters at similar temperatures (see 

section on W/R ratio). The dominant silicate in the igneous 

rock is feldspar, which at these temperatures at equilibrium 
18 16 . would have an 0/ 0 rat1o very close to that of calcite. 

At equilibrium, quartz would be relatively enriched in 18o 

but chlorite and opaque oxides would be depleted in 18o with 

respect to the carbonate so that overall, the whole-rock 

values would closely resemble the carbonate o18o values. The 
. 18 18 similarity 1n the o Oc and o OR values implies that the 

Stony Mtn. rocks were not affected by late, extremely low

temperature hydrothermal events of any major importance; if 
18 they had been, the o De values would indicate this, because 

fine-grained calc ites are so readily exchanged (see O'Neil 

~ ~·, 1969; Fornaseri and Turi, 1969). 

6.11 Water/rock ratios 

Method of ca l culation 

It is possible to set approximate minimum estimates of 

the amounts of water that have passed through these abnormally 
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Figure 6-16. o18o values of coexisting calcites and whole
rocks from the Stony Mountain region, Colorado . 
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low- 18o igneous rocks by utilizing the hydrogen and oxygen 

isotopic data in conjunction with mineralogical criteria for 

the temperature of hydrothermal exchange. The simplest case 

is that of a closed-system model, analogous to that employed 

by Sheppard~~-, (1969), Wenner and Taylor (1973) and 

Taylor (1971; 1973) . 

Consider a closed meteoric water-rock system in which 

the water and rock undergo oxygen isotopic exchange. Thus 

we have 

wo i + Ro i W R = 

= initial o18o values of the whole rock and 

meteoric water, respectively 

6 ~, o ~ = final o18o values of the whole rock and 

meteoric water, respectively. 

Of those oxygens that undergo exchange, 

W = fraction of water oxygen atoms 

Thus 

R = fraction of rock oxygen atoms 

w 
R = 

Arguments have already been presented which demonstrate 

that we know o ~ with some accuracy. It has been demonstrated 

from hydrogen isotopic analyses (Section 6-3) that the o18o 

of the pristine meteoric ground waters in the Western San Juans 

at the time of int ru s ion of the Stony Mountain complex was ~ -14. 
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However, for completeness, and because there could have been 

some 'oxygen isotope shift' in the waters prior to their 

entering the Stony Mtn. system, the water/rock ratios dis

cussed below are calculated for 0~ values of -10 as well as 

-14. The o~ is, of course, the value measured on the rock 

today. In order to calculate the water/rock ratios we now 

only need consider how to estimate 0~. 
If H2o was the dominant oxygen-bearing fluid the~ at 

equilibrium, the only variables that determine o~ are o ~, 

the types of minerals present, and temperature. Of course, 

we also must know the temperature dependence between 0 ~ and 
f oR. How do we go about doing this? 

It is evident from Table 6-1 and Figure 6-2 that for 

most of the rocks analyzed o18oF closely approximates o18oR. 

In fact the mean difference between o18oF and o18oR f or 

fourteen samples is less than 0.3 per mil. This is not sur-

prising inasmuch as feldspar is the dominant mineral in these 

rocks. A reasonable approximation of o~ can thus be made by 

assuming o ~ = a; and by utilizing the equilibrium feldspar 

water oxygen isotope geothermometer experimentally determined 

by O'Neil and Taylor (1967). However, because minerals other 

than feldspar are less susceptible to oxygen isotopic exchange 

and will therefore more closely approximate their original 

igneous o18o values, the final whole-rock o18o values will i n 

general be somewhat heavier than that predicted on the basis 
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of the above approximation. One way to approximately take 

into account the effects of these more resistant phases is 

to use a slightly more calcic value for the An content of 

the feldspar than that actually present in the rock in ques

tion. An alternative possibility, the one used here, is 

simply to assume that, except for feldspar, the rest of the 

rock is inert. 

The experimental feldspar-water fractionation curves 

have the expression 

(2.91 - 0 . 76 8) (l06T- 2 ) - 3.41 - 0.418, 

where 8 is the An content of the feldspar, and 

6 ~ - 6 ~ ~ 1031naF-w· For example, for a rock with 8 = 

f i i 0.30, 6R = +5.0, 6R = +8.5 and 6w = -14 then 

w 
R = +8.5 - 5 

6 
5 - ( 2 · 6 ~) 10 - [-14 - 3.533] 

T 

Assuming the validity of the simple closed-system model, 

the W/R ratios are minimum estimates because (1) the meteoric 

ground waters have been assumed not to undergo an appreciable 
18o shift prior to isotopic exchange with the surrounding 

country rocks and (2) isotopic exchange was certainly not 100 % 

effective and thus some water must get through certain frac-

ture conduits without equilibrating completely with the ad-
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joining rocks. Th i s closed - system model assumes that all 

the water entering the system equilibrates with the rocks 

at the final exchange temperature. However, another type 

of model could have the water make a single cycle through 

the rocks and then be removed from the system. This open 

system model has been considered by Taylor (Springer- Verlag 

monograph, in preparation), and yields W/R ratios s maller 

than, but not unlike those, calculated in the closed - system 

case employed here. Except for very high W/R ratios, the 

open - system model at 300°C coincides very well with the 

closed - system model at 500°C. 

two models is given by 

Gabbros 

( .!i) 
R open 
system 

The relat i onship 

= ln[(*) + 
closed 
system 

betv~een the 

1 J . 

Calcu l ated W/R ratios for the Stony Mountain gabbroic 

rocks are plotted against temperature for a var i ety of both 

i f oW and oR va l ues in Figure 6- 17. The temperature range given 

(900° - 400°C) is based solely on inferences from the petro -

graphic and mineralogica l evidence. The gabbros, in gener al, 

are very fresh and even in the most highly altered sample at 

least 3/4 of the origina l igneous minerals are preserved. 

Pyroxenes and biotites are apparently largely unexchanged even 

though they show some evidence of alteration to uralite, 

epido t e, chlorite , sericite and magnetite. On the other hand, 
. 1 8 

the plagioclase has suffered marked 0 exchange, in most cases 
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Figure 6-17. Plot of temperature vs W/R (atomic oxy gen) 
for gabbroic rocks from Stony Mtn. Striped 
pattern encloses range of W/R ratios for 

i f oW = -14 and -10, and oR = +6, +4, +3, +2, 
and +1. Heavily striped area is overlapping 
region. Curves are calculated on the basis 
of 6 ~ = +6.5, for a rock system behaving as 
An 50 plagioclase (see text). Ci:cles represent 

1 W/R values calculated only for oW = -14, and 
arbitrarily plotted at ~ 500 ° C. The open 
circles are o: values, the smaller black dots 
are o; values from which 0.4 per mil has been 
subtracted (see Section 6.5), and the larger 
black dots are samples < 45 m from the inner 
diorite contact. Note the log scale for W/R. 
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with little petrographic indication of alteration. Thus the 

mafic minerals are either inert remnants or not yet reacted, 

whereas the plagioclase is apparently stable during this al

teration but undergoes oxygen exchange . In some respects 

these observations are analogous to those of Lawrence and 

Taylor (1972), who found that those parent minerals (in soil 

profiles) that were not in chemical equilibrium with the 

1 1 d t dl.d t d . .f. t 18o; 16o oca groun wa ers no un ergo any s1gn1 1can 

exchange with those waters. 

On the basis of their relatively fresh, unaltered ap

pearance in thin section, it is likely that most of the hy

drothermal 18o exchange in the Stony Mtn. gabbros took place 

above approximately 400 ° C. Examples of other petrographically 

fresh, low- 18o gabbros similar to those of Stony Mtn. can be 

seen in Mull, the Cuillin Center in Skye, and throughout most 

of the Skaergaard intrusion. Most of these examples also 

have fresh olivine, which implies an alteration T ~ 500°C; 

low temperature hydrothermal alteration typically gives rise 

to hydrous phases dominated by chlorite, sericite, and clay 

minerals (e.g. the altered volcanics around hot springs in 

Yellowstone Park, Honda and Muffler, 1970, and the altered 

volcanics of the Reykjanes geothermal area, Iceland, Tomasson 

and Kristmannsdottir, 1972). 

In the temperature range 400° - 900°C it is clear from 

Figure 6-17 that the calculated W/R ratios are almost inde-
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pendent of temperature, fairly insensitive to o ~, and mainly 

dependent on o ~. The range of o ~ values for the gabbroic 

unit is from +5.9 to +1 .4 (Table 6-1) with over 70 % of the 

values falling between +3 to +5 per mil. If we limit our 

discussion to o~ = -14, the total range of integrated W/R 

ratios is 0.03 to 0.4 (Figure 6-17) . Eliminating from con-

sideration those samples within 45 m of the inner diorite 

contact, the W/R ratios are even further restricted, to 

0.03 to 0. 2. As will be discussed be l ow, it is reasonable 

to exclude the above samples because they may have under

gone oxygen isotope exchange in two stages; thus their in-

tegrated W/R ratios would be correspondingly higher. In the 

light of the above discussion, a~ restricted range of 

W/R ratios is established for the main mass of gabbro exposed 

at Stony Mounta in, namely 0.1 ± 0. 1. 

The quartz monzoni te associated with the gabbroic unit 

has lower o18o values than the main gabbroic mass; it e xhi bits 

an integrated W/R ratio on the order of 0.4. This could be 

due to (1) genuinely larger amounts of water circulating 

through the quartz monzonite than the gabbro, and/or (2) the 

effective W/R ratio being larger in the quartz monzonite than 

in the gabbro because the average grain size of the quartz 

monzonite is less than that of the gabbros (0.4 vs 1.2 mm; 

see Figure 6-10). Thus because of the finer grain size and 

larger surface area presented to the exchanging fluid, the 
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quartz monzon ite might have undergone more efficient oxygen 

isoto pe exchange even though exposed to the same quantity 

of meteoric hydrothermal fluid and even though the quartz 

monzonite contains a higher content of quartz (wh ic h is dif

ficult to exchange). This implies that the variation in 

W/R ratios in the gabbros themselves may be due to grain 

size variations . Because there is a correlation between 

average grain size and o18oF in the gabbros (Figure 6-12 ) 

this means there must be a correlation between grain size 

and W/R ratios of these gabbros. This emphasizes the fact 

that this calcu l ation gives us a time - integrated calculated 

W/R ratio, as opposed to the actual W/R ratio which wou l d 

almost certai nly be a l arger number . A schematic diagram 

explaining these relationships is presented in Figure 6- 18 . 

Although the figure implies that for material with an in 

finitely fine grain size (and therefore infinitel~ reactive), 

the calculated W/R ratio is the same as the actual W/R ratio, 

this is true on l y for water that passes pervasively along 

grain boundaries . This is because the W/R can be still 

higher , inasmuch as l arge, throu ghgo ing fractures can act as 

conduits for a large amount of water that is never in contact 

with the main mass of country rocks. 

Outer diorite 

Because we have assumed that the outer diorite had 6~ = 

+7 . 5,the W/R ratios for this rock type will be given by 
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appropriate extrapolation between Figure 6-17 and 6-19. This 

rock unit contains a significantly higher abundance of al

teration minerals than does the gabbro, but even in the most 
18 exchanged sample (SM-89, o OR= -1 .1) there are a few rem-

nant, well-preserved amphibole and pyroxene phenocrysts. In 

most cases the propylitic (greenschist) alteration had de

stroyed less than about half of the primary mineral assemblage. 

Thus the temperature range considered for the outer diorite 

is extended down to 300 ° C (see Figure 6-19), 100° C lower 

than considered for the gabbroic unit. Note again that temp

erature does not strongly influence the W/R values . For 

SM-89, a W/R ratio of about 1 is required. The other two 

samples with very low 18ot 16o ratios are SM-3a and SM-41 

(+1 .6 and +2.2 respectively) and they indicate a W/R ~ 0.5; 

these samples are from the cigar-shaped intrusion that branches 

off from the main arcuate diorite unit. All the other o: 
values of the outer diorite (and associated hornblende mon

zonite) fall within the range +2.7 and +5 . 9, implying W/R ~ 

0.1 to 0 . 3. In summary, with the sole exception of SM-89, 

all the outer diorite samples exhibit a narrow range of W/R 

~ 0.3 ± 0.2. The andesitic dike rock s exhibit a W/R range 

of about 0.3 to 0.6. 

Tertiary volcanic rocks 

As previously described, the volcanic rocks can be thought 

of as having experienced two periods of isotopic exchange that 
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possibly overlapped in time, firstly, as a volcanic pile 

overlying a magma chamber of batholithic dimensions and, 

secondly, due to the local effect of epizonal plutons such 

as the Stony Mountain complex. Figure 6-19 is aT vs W/R 

plot applicable to the Tertiary volcanic rocks, constructed 

for o~ = +8.5, for a whole-rock system behaving as An 30 
plagioclase. The temperature scale is restricted to the 

range 200 ° - 600 ° C, because the volcanic rocks have, in 

general, attained propylitic mineral assemblages typical of 

the greenschist facies. The typical assemblage is quartz -

sericite-chlorite-carbonate-opaques±epidote±uralite±albite. 

Biotite is invariably absent. A series of W/R estimates is 

given below, based on aT ~ 300°C (e.g. see Turner, 1968), 

but as can be seen from Figure 6- 19, changing the tempera

ture from 250 ° to 500°C will not significantly affect the 

results. Again, limiting our discussion too~= -14, the 

volcanic rocks define W/R ratios in the range of about 0.3 

to 1.2. Two-thirds of the volcanics analyzed for 18o;16o 
fall within the range +2.0 ±1 per mil, which corresponds to 

W/ R ratios of approximate l y 0.6 ± 0.15. The rhyolite also 

falls within this range, while the breccia pipe ( o ~ = +5 . 0) 

suggests a W/R ~ 0.2. 

It is interesting to note that the 6~ necessary for the 

volcanic rocks to have the same W/R ratio as the outer diorite 

is about +4.0 - identical to the regional average o18o in 
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the Silverton-Ouray area. This may be considered as an in

dependent argument in favor of a two-stage process. 

Thus a picture emerges whereby the volcanic rocks, the 

rhyolite, and the dikes exhibit the largest calculated W/R 

ratio ( ~0.6), followed by the outer diorite (~0.3) and then 

the gabbro ( ~ 0.15); this is also the order of increasing 

grain size. Once again it is emphasized that the actual 

W/R ratios are larger than the calculated values; the cor

relation between the grain size and W/R ratios for a given 

degree of o18o depletion clearly demonstrates this point. 

Veins 

As mentioned above, major fracture systems will allow 

bulk transfer of H20, almost all of which will not be in con 

tact with the rocks through which it passes. Thus the true 

W/R ratios for vein systems are expected to be much larger 

than the W/R r atios calculated from o ~ in the plutonic rocks 

themselves. This implies that o ~ will be closer to o~ in 

fracture flow systems than in systems where intergranular 

flow or diffus i on of H20 predominates. Note that the average 

calculated o ~ for H20 that coexisted during deposition of 

four vein qua r tz samples (Section 6.6) is ~ -7. Analyses of 

vein material may give greater insight into the true W/R and 

o ~ values than do analyses of the bulk rocks. 
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6.12 Low- 18o magma hypothesis 

Even after all the isotopic effects that can reasonably 

be ascribed to grain size, mineralogy and proximity to frac-

tures are taken into account, a major enigma remains. Why 

does the central diorite intrusion have such a uniformly 

low- 18o value? Conceivably, this might have come about if 

a major vein and fracture system passed through this zone of 

the Stony Mountain complex. However, the detailed quadrangle 

map of Burbank and Luedke (1969) does not show any particular 

concentration of veins in this area, nor was any observed by 

the present writer. The entire area appears to be equally 

highly veined. Note that the +3 o18o contour in Figure 6-2 

centers directly on the inner diorite even though the +2 

contour is apparently offset to the northeast because of 

biased sampling from that area. 

If all the isotopic effects in the Stony Mountain complex 

are due solely to 18o exchange subsequent to crystallization 

(as in fact most seem to be), there is a major problem in ex

plaining how the low- 18o aqueous fluids were able to travel 

through the gabbro and outer diorite shells and only exchange 

appreciably with the central diorite core. This might offhand 

be explained on the basis of the fine grain size of the inner 

diorite, except for the following points: (1) the inner and 

outer diorites do not markedly differ in grain size, (2) the 

gabbro, which is relatively coarser-grained throughout, is 

also depleted in 18o near the central core; this obviously 
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cannot be explained by grain-size effects, and {3) the cen

tral diorite is relatively fresh and unaltered; its primary 

igneous texture, a pronounced 'pilotaxitic' flow-foliation, 

is perfectly preserved. 

The only plausible way out of the above dilemma is to 

assume that the inner diorite was in fact emplaced as a low-
1 8 0 magma. This could have come about through some process 

of mixing and exchange between meteoric H2o and a silicate 

melt in a deeper magma chamber. 

The hypothesis that low- 18o magmas might be produced by 

interaction with meteoric H20 was first entertained by Taylor 

(1968, p. 58, 61) to explain some of the 18o-depleted igneous 

rocks of the Inner Hebrides, Scotland, and Skaergaard intru

sion, Greenland. However, at that time the data did not war-

rant any firm conclusions on this matter. 

The first tangible evidence for the existence of such 

low- 18o magmas came from Forester and Taylor (1972) in dis-

cussing the Stony Mtn. inner diorite. Oxygen isotopic ex

change between magma and meteoric water was also one of the 

possibilities mentioned by Muehlenbachs ~ ~· (1972; 1974) 

to explain the abnormally low 18o;16o ratios in fresh, recent 

lava flows from Iceland . Friedman~~· (1974) postulated 

large-scale interaction between meteoric waters and magma for 

the Yellowstone Plateau volcanic lavas but did not suggest the 

mechanism for this interaction. 
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18 If the inner diorite is an example of a low- 0 magma 

then we would predict that the ~ 18o-values in this rock 

should reflect normal igneous temperatures even though the 

o18o-values are abnormally low. This has been tested in 

SM-99b. This sample yields a 6F-M = 3.3, equivalent to a 

quench equilibration temperature of about 860 ° C (Anderson 

~ ~·, 1971) assuming no subsolidus exchange. The esti

mated temperature error contributed solely by the analytical 

error ( ±0.1 per mil) is ±24 ° C. This plagioclase-magnetite 

equilibration temperature is reasonable for rocks of this 

composition (Piwinskii, 1968; Piwinskii and Wyllie, 1968), 

yet the o18o-values are depleted by about 5 per mil with re-

spect to •normal • igneous values . Further, a mass balance 

calculation, utilizing estimated modes for SM-99b, gives 

o18op ~ +2.2. This gives a 6 F-P = 0.9, corresponding to a 

temperature of about 900° C (Figure 3, Anderson~~., 1971) . 

and compatible with the temperature estimated from 6F-M· 

This internal consistency of the oxygen isotopic data, the 

reasonable temperature estimates, the well-preserved igneous 

textures, and the lack of hydrothermal alteration effects all 

lend support to the hypothesis that the inner diorite is the 
18 crystallization product of a low- 0 magma. How then might it 

have been produced? 

Consider an isotopically normal magma of andesitic com

position occupying a shallow level chamber, for example, at 

a depth of about 3.7 km where the lithostatic pressure would 
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be 1 kb. Let us suppose that this is initially an anhydrous 

melt and that, in its present shallow level environment by 

some 'magical' means (unspecified as yet) it absorbs water from 

the permeable country rocks to the point of maximum satura

tion. Under these conditions(~ 0 = PTotal) the maximum 
2 

solubility of water in an andesitic melt at 1100° C is about 

4.5 weight per cent (Hamilton !1 ~·, 1964). There is no 

chemical analysis yet available for the inner diorite, but 

inasmuch as it is remarkably similar mineralogically and 

modally to fresh specimens of the outer diorite (Dings, 1941), 

the amount of oxygen in the inner diorite is calculated using 

a chemical analysis of the latter (Table 6-4; 46.64 % oxygen). 

If the melt absorbed pristine meteoric water of o18o = -14 

from the highly fractured country rocks (weight % oxygen in 

water= 88.9), we have 

No . of gm of 0 in water = (4.5} (0.889) = 0.09 
No. of gm of 0 in rock (95.5}(0.466) 

This calculation is strictly in terms of oxygen, so the 

system would be composed of 8 atom % oxygen fro m the water 

and 92 atom % oxygen from the anhydrous melt. Hence, with 

o ~ = +7.5 for the anhydrous inner diorite magma, we have 

0.92 (+7.5) +0.08 (-14) 

of 
R 

= +5.3 

= f oR, and 
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Table 6-4 

Calculated wt. % oxygen in the inner diorite, Stony Mtn. 

2 3 

Si0 2 60.71 53.26 32.33 

Al 203 18.20 47.07 8.57 

Fe 2o3 2.76 30.05 0.83 

FeO 3.30 22.26 0.73 

MgO 2.20 39.69 0.87 

CaO 5.83 28.53 1. 66 

Na 2o 3.56 2 5. 81 0.92 

K20 2.78 16.98 0.47 

Ti0 2 0.66 40.05 0.26 

100.00 46 .6 4 

1 Chemical analysis of outer diorite (Dings, 1941), 
recalculated on a C0 2- and H20-free basis. 

2 Weight % oxygen in component oxide. 

3 Weight % oxygen in component oxides of 1. 
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Thus it is impossible to lower the o18o value of the 

original magma by more than 2 per mil by simply saturating 

it with pristine meteoric waters. Inasmuch as this calcu 

lation assumes PTotal = PH
20

, this is the maximum 18o de 

pletion that can be expected by such a process. In a sys 

tem where the fluid is in hydrostatic equilibrium in a 

fissure system open to the surface, PTotal ~ 3PH
20 

and the 

o18o value of the magma could then only be lowered by about 

1 per mil. (if PH 0 ~ 0.3 kb, only 2.3 wt % H2o can be dis -
2 

solved in an andesite magma, Hamilton et ~· , 1964). 

An additional mechanism is thus required to lower the 
18o content of the inner diorite melt, as th e o18o of this 

postulated magma was approximately +2 . 5. As sug9ested by 

Forester and Taylor (1972), one possible way is for the 

meteoric water to enter, bubble through, and leave the melt 

continuously until the required amount of isotopic exchange 

is met. A mass balance calculation requires exchanging 

about one out of every four oxygen atoms in the me lt by oxy 

gen from a large reservoir of meteoric water of o18o = - 14 . 

This hypothetical bubbling process would be about 10 10 times 

more rapid than one involvin~ simple diffusion of water (in 

solution) through the melt (Burnham, 1967). Thus t he forma-

tion of a separate aqueous phase in the magma will markedly 

expedite the isotopic exchange process. 
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The fundamental problem here i s how H20 could migrate 

into a magma from the hydrostatic convective circulation 

system established in the country rocks. The silicate melt 

is under a lithostatic pressure that is approximately a factor 

of three times higher than the hyd r ostatic pressure in the 

fissure system. Open channels could not be maintained in the 

immediate vicinity of the magma chamber without being injected 

with magma. If meteoric water is to become absorbed by the 

magma it must penetrate the country rocks immediately adjacent 

to the magma chamber by grain boundary diffusion. 

The problem is even more acute when it is realized that 

any H20 finally able to diffuse into the magma would have ex

perienced an 18o shift to higher o18o values than those char-

acterized by the local, pristine meteoric waters. Table 6-5 

illustrates the much larger amounts of water required to pro

duce the Stony Mountain inner diorite melt {o~ = +7.5, o ~ = 

+2.5) with various values of o ~ > -14. 

Because it is unlikely that we can account for even as 

much as a 2 per mil 18o depletion by direct influx of meteoric 

H20 into the magma, other processes must be considered. The 

most likely way to produce a low- 18o melt is by oxygen isotopic 

exchange between the already hydrothermally altered, 18o
depleted country rocks and magma. Exchange between the shell 

of hydrothermally altered volcanic rocks (e.g. San Juan Tuff) 

around the magma chamber and the liquid magma would be faci-
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litated by the high wa ter content of the hydrothermally al

tered country rocks. The maximum amount of 180 depletion 

this process can attain is that of the a -value of the country 

rocks themselves. The efficiency of this exchange process 

therefore depends on the surface-to-volume ratio of the magma 

chamber. Note that this mechanism is not one of wholesale 

assimilation but merely communication and exchange between 

oxygen in the silicate melt and oxygen in the country rocks 

{probably mainly feldspars and hydrous phases). Volcanic 

country roc ks with an average o18o = +1.0 would ~ ave to 

contribute 75 % of the oxygen in this exchange process to 

account for the low- 18o inner diorite magma. If the magma 

had already been lowered by 2 per mil (perhaps by direct 

interaction with meteoric waters) and exchanged with count~y 

rocks with o18o ~ 0, then approximately equal volumes of 

magma and rock would be involved. 

Another possible exchange model could involve direct 

melting of hydrothermally altered, 180-depleted country rocks 

in the roof zone above the magma chamber . Again, these melted 

rocks could have o18o values as low as the average o18o values 

of the hydrothermally altered volcanic rocks from which they 

formed, providing they did not mix with 1 normal 1 magma. The 

necessary heat may in whole or in part be supplied from 

another intrusion (Stony Mountain gabbro?), from supply of 

new magma in a volcanic conduit to the surface, from superheat, 
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and/or from the heat of crystallization of early-formed 

crystals. Muehlenbachs (1973) proposed that partial melting 

of hydrothermally altered basalts in Iceland might result in 

low- 18o (and low D) siliceous magmas, some of which have 

o18o values as low as +2.8. 
18 Another way in which a low- 0 magma might be produced 

is by large-scale assimilation of low- 18o rocks into the 

magma or by the sinking of low- 18o xenoliths through the 

magma chamber (Taylor, 1974b). Complete solution of the 

country rock would not be expected because the calorimetric 

demands are too high but oxygen isotopic exchange would still 

occur. Shieh and Taylor (1969a) found that xenoliths appar

ently rapidly exchange 18o with their host magmas in a plu-

to nic environment. 

It is likely that each of the above-mentioned mechanisms 

may be important; the total integrated effect may give rise 

to a low- 18o magma such as the postulated Stony Mountain inner 

diorite with an 18o depletion of about 5 per mil. It is in 

just such a geological environment whereby the mechanisms 

can be active, since repeated epizonal igneous intrusion, 

ring-fra ctu re and ring-dike formation, block subsidence, dike 

swarms, large-scale stoping and intermittent breccia forma-

tion would be expected to be accompanied by such developments. 

On the other hand, the apparent lack of any such 180-depletion 

in the si licate melt that occupied the Skaergaard magma chamber 
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(Taylor and Forester, 1973) may be due to the fact that the 

Skaergaard magma was intruded as a single pulse of silicate 

liquid that subsequently underwent a relatively simple, 

quiescent sequence of fractional crystallization. 
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Chapter 7 

THE SCOTTISH TERTIARY IG NEOUS PROVINCE 

7.1 Introduction 

The Scot tish Tertiary Province is one of the classic 

areas of igneous petrology. It constitutes but a part of the 

larger province, now present as scattered remnants, that is 

termed North Atlantic, Thulean or Brito-Arctic. This larger 

province includes northeast Ireland, the Faeroe Is l ands, St . 

Kilda, the west and east coasts of Greenland, and the eastern 

coast of Baffin Island. 

The Scottish Tertiary province is in general characterized 

by transitional plateau basalts (Ridley, 1971; Thompson~~·, 

1972) with a number of associated central intrusive complexes 

( e.g . Skye, Mull, Ardnamurchan and Arran). The rocks vary 

from ultramafic (e.g. Rhum) to granophyres. Basaltic dike 

swarms typically radiate out from the intrusive centers, but 

are concentrated along a NNW trend (Figures 7-1 and 7-2). 

7.2 Isle of Skye, Scotland 

The Tertiary geology of southern Skye was first mapped in 

detail by Harker (1904). The mapping was done at the turn of 

the century, and the results were published on one-inch maps, 

Sheets 70 and 71 of the Geological Survey of Great Britain, 

Ordnance Survey. 
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Figure 7-l. 
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Tertiary dike swarms and major plutonic centers 
of Scotland , England, and northern Ireland (after 
Richey and Thomas, 1930). 
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Figure 7-2. Simplified geologic map of the Inner Hebridian 
islands of western Scotland. The generalized outer 
boundaries of low 18o igneous rocks of the main 
volcanic centers are shown (after Taylor and Forester, 
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Richey (1961) has given a summary account of the Tertiary 

igneous rocks of Skye (see Figure 7-3) and a more recent de

scription has also been published by Stewart (1965). A large 

number of papers dealing with the specific localities on the 

Isle of Skye have appeared mainly in the 1960's. Some of 

the more important references are an account of the Cuillin 

layered intrusion by Wager and Brown (1967), a structural 

and petrographic analysis of the Creag Strollamus area by 

King (1953), detailed field and petrologic studies on the 

\~estern Red Hills by Bell ( 1966), Wager et al. (1965), and 

Thompson (1969), and metamorphism of the lavas on Strathaird 

peninsula by Almond (1964). These and other pertinent studies 

will be discussed in more detail below . Representative chem

ical analyses of the igneous rocks at Skye are given in Table 

7-l. Many of these analyzed samples are from the same outcrops 

studied in the present work, or are from a nearby outcrop of 

the same rock unit. 

7.3 Pre-Tertiary geology of Skye 

Lewis ian 

Along the Sound of Sleat in southern Skye are exposed 

rocks of the Lewisian basement complex, a series of highly 

deformed and metamorphosed amphibolites and gneisses of Pre

cambrian age. They are separated from the younger rocks to 

the west by the Moine Thrust. 



Si02 46.0 
A1 2o3 13.7 
Fe2o3 3.6 
FeO 7. 1 
MgO 10.2 
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MnO 0.27 

Total 100.47 
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Table 7-1 

Chemical analyses of some Tertiary igneous rocks, 

Isle of Skye 

2 3 4 5 6 7 8 

45.68 46.1 43.09 48.16 74.31 69.62 71.€8 
14.66 22.8 7.51 16 . 55 11.71 13.91 12.55 
2.88 2.39 0.52 3.07 1.63 1.18 2.29 
9.67 4.10 7.14 8.14 1.67 3.01 2. 40 

9.82 8.99 33.48 6.94 0.04 0.46 0.24 
9.37 12.81 5.75 10.08 0.61 1. 73 0.92 
2.14 1.23 0.65 3.29 . 4.11 4.27 4.28 
0.19 0.13 0.12 0.46 5.22 4.92 4.37 
3.43 1.29 1.18 1.82 0.39 0.53 0.64 
0.36 0.18 0.05 0.12 0.25 

1. 65 0.38 0.16 0.88 0.36 0.49 0.38 
0.07 0.03 0.13 0.03 0.14 0.03 
0.22 0.09 0.05 0.33 0.06 0.03 0.05 

100 . 14 100.47 100.04* 100 .03 100 . 19 100.41 100 .08 

29.6 21.0 27.4 

1.1 1.0 0.56 2.8 30.8 29.1 25.8 
17.7 11.0 1.31 27.8 31.2 36.1 36.2 

30.1 56.0 17.24 29.2 4.3 2.1 

3.2 

6.6 3.0 7.19 8. 3 1. 2 1.4 0.9 
4.1 14.4 5.60 4.8 0.1 0.4 0.2 

2.1 2.2 0.79 3.2 1.3 1.1 0.8 
10.2 .8 0.8 0.4 
5.5 .4 0.9 2.7 1.2 

4.2 2.6 0.70 4.4 0.8 1.7 3.3 
3.2 0.6 0.30 1.7 0.7 0.9 0.7 

.2 0.3 0.1 0.3 0.1 
2.42 

3.8 1.3 1.2 2.0 0.4 0.7 0.9 ... 
10.2t 63 .17t 14.5t 11. 2' 

9 10 

71.60 77.12 
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Table 7-1 (Cont'd) 

11 12 13 14 15 16 17 18 19 

Si02 76.41 60.07 54.18 58.35 71.03 68.60 72.60 73.99 74.47 
At 2o3 11.71 14.22 13.74 11 .6? 12.86 13 .51 12.98 13.02 11.32 
Fe2o3 1.68 3. 71 1.88 3.31 0.69 1.59 1.88 0. 76 2.06 
FeO o. 77 6.65 10.79 7.32 3.61 3.83 2.08 1.60 2.22 
MgO 0.17 1.39 2.42 3.40 0.50 0.63 0.47 0.31 0.78 
CaO 0.42 4.35 6.34 4.73 1.54 1.89 1.38 1.22 1.69 
Na2o 3.62 4.02 3.46 3.50 4. 31 4.07 3.55 3.43 2. 79 

~0 4.92 2.75 1.85 2.81 4.33 3.99 4.09 4.74 3.44 
H20{+) 0.50 0.67 1.40 1. 99 0.49 0.81 0.11 0.22 0.47 
H20{-) 0.12 0.06 0.26 0.21 0.15 0.43 0.28 o. 14 0.04 
Ti02 0.14 1. 53 1. 97 2.12 0.42 .0.61 0.48 0.32 0.67 

P2o5 0.04 0.60 1.30 0.91 0.11 0.15 0.06 0.05 0.06 
MnO 0.002 0.26 0.30 0.25 0.06 0.16 0.07 0.02 0.06 

Total 100.50 100.28 99.89 100.52 100.25** 100.27 100.03 99.82 100.07 

Q 35.6 14.3 7.8 13.2 24.2 23.1 32.10 32.28 39.87 
Or 29.1 16.3 10.9 16.6 25.6 23.6 24.16 27.80 20.30 
Ab 30.6 34.0 29.3 29.6 36.5 34 .4 30.00 28.82 23.57 
Art 1. 2 12.6 16.5 7.7 3.0 6.8 6.48 6.11 7.98 
c 0.35 0.06 
Ac 

Wo 0.3 2.1 2.7 4.1 1.3 0.7 
En Di 0.2 0.7 0.8 2.1 0.3 0.2 
Fs 1.5 2.0 1.9 1. 1 0.5 
En Hy 0.2 2.8 5.2 6.4 1.0 1.4 0.17 2.65 3.30 
Fs 5.7 13.5 5.8 4.4 4.5 1.60 
Mt 2.1 5.4 2.7 4.8 1.0 2.3 2.73 0.93 2.99 
Ilm 0.3 2.9 3.8 4.0 0.8 1.2 0.91 0.61 1.28 
Hm 0.3 
Ap 0.1 1.3 3.1 2.1 0.3 0.4 0.12 o. 13 
Ne 
Water 0.6 0.7 1.7 2.2 0.6 1.2 0.4 0.4 0.5 
Other 0.3tt 0.43 

* Cr2o3 = 0.39; ** C02 = 0. 15; t Olivine; tt Ca 1 cite 
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1. Olivine basalt, basal lava group, Strathaird (Almond, 
1964). Approximately 2 km south of SK-231. 

2. Basalt, Creag Strollamus (Kin g, 1953). 20 m west of 
SK-70 . 

3. Allivalite, Cuillin Hills (Hutchison, 1968). 3.2 km 
west of BM-37. 

4. Peridotite, Cuillin Hills (Weedon, 1965). km west 
of 8~1-37. 

5. Gabbro, Creag Strollamu s (King, 1953). 400 m northeast 
of SK-63 . 

6. Maol na Gainmhich Epigranite . (Wager et al., 1965). Same 
locality as SKY-7a,b . ----

7. G 1 am a i g E p i g r a n it e ( \~ a g e r e t a 1. , 1 9 6 5 ) . A p p r o x i m a t e 1 y 
2 km north of IGC-13. --

8 . Beinn Dearg Mhor Epigranite (Wager et al., 1965). Ap 
proximately 1.2 km west-southwest or-s~128. 

9. Loch Ainort Epigranite (Bell, 1966). Same locality as 
BM-25. 

10. Sou t hern Porphyritic Epigranite (Thompson, 1969). 1 km 
east of IGC-6. 

11. Southern Porphyritic Felsite (Wager~ !l·, 1965). Same 
locality as IGC-13. 

12. Marscoite (Wager ~ !l·, 1965). Same locality as IGC-13. 

13. Ferrodiorite (Wager et al., 1965). Same locality as IGC-
13. ----

14. Glamaigite (\~ager ~ !l·· 1965). 1.7 km east of SK-503. 

15. Marsco Epigranite (Thompson, 1969). 500 m south of ICG-6. 

16 . Meall Buidhe Epigranite (Wager et al., 1965). Same sample 
locality as SK-521. ---

17. Glas Gheinn Mhor Epigranite (Se ll, 1966). Approximately 
1.6 km south of SK-109. 

18 . Beinn an Dubhaich granite (Tilley, 1949). Same locality 
as SK-82. 

19. Coire Uaigneich granophyre (Wager et .!}_., 1953). 800 m 
southwest of SK-157. 
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Torridonian 

In southeastern Skye, the late Precambrian Torridonian 

strata consist largely of about 7000 feet of essentially flat

lying sandstones, mudstones and shales (Diabaig Group) over

lain by about 4500 feet of arkosic grits (Applecross Group). 

Elsewhere in northwest Scotla nd, the Torridonian is overlain 

unconformably by Lower Cambrian quartzites. Geochronological 

measurements by K/Ar and Rb/Sr whole-rock isochron methods 

on pebbles within the Torridonian sediments suggest a maximum 

depositional age of about 1100 m.y. (Moorbath ~ ~·, 1967). 

There is now evidence for an angular unconformity within the 

Torridonian (Lawson, 1965; Stewart, 1966; Gracie and Stewart, 

1967). Significantly, Irving and Runcorn (1957) have found 

that the paleomagnetic pole pos itions of the Lower and Upper 

Torridonian differ by about 50° , and Runcorn (1964) suggested 

that the Lower Torridon ian is much older than the Upper Torri 

donian. Moorbath (1969) reported a Rb-Sr whole-rock isochron 

age for the Lower Torridonian shales and silts tones of 935 ± 

24 m.y., and that of the Upper Torridonian as 761 ± 17 m.y. 

( 87 -11 -1) d using A Rb = 1.47 x 10 yr . Unfortunately, the propose 

unconformity has not yet been identified in the Skye sectio n. 

Ourness Limestone 

The Cambro-Ordovician Durness Limestone in Skye is mainly 

dolomitic with layers or nodules of chert. Where affected by 
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the Tertiary intrusions, this unit is largely recrystallized 

and calcite is the principal carbonate. The limestones have 

been involved in a complicated thrusting event, and there is 

disagreement as to whether the limestone was thrust over the 

Torridonian in the vicinity of Creag Strollemus (Bailey, 1954), 

or vice versa (King, 1953). 

Mesozoic 

Sedimentary rocks of Mesozoic age crop out around the 

perimeter of the Tertiary lavas in Skye. The Triassic of 

central Skye consists of conglomerate, breccia, marl and sand-

stone. The rock fragments are commonly Torridonian sandstone 

or Cambro-Ordovici an limestone (Richey, 1961). The Jurassic 

system is represented by about 1000 meters of marine and 

brackish water sediments, chiefly sandstone, shale, and lime-

stone (Richey, 1961; Hudson, 1962) . 

7.4 The Tertiary igneous rocks of Skye 

Introduction 

The lavas of Skye (Plate 7-la) cover approximately 1500 
2 km . On the basis of sedimentary intercalations used as 

marker horizons, Anderson and Dunham (1966) determined the 

maximum thickness of lavas in North Skye to be about 2300 

meters. The dominant Skye lavas vary from nepheline- to 

hypersthene-normative basalts (Thompson et ~-, 1972) . The 

age of the igneous rocks of Skye is Eocene (Moorbath and 
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Welke, 1969; Moorbath and Bell, 1965) which is compatible 

with isotopic age measurements made on rocks from other parts 

of the Brito-Arctic province (Beckinsale, 1974; Purdy et ~·, 

1972; Tarling and Gale, 1968; Miller and Brown, 1965; Miller 

and Harland, 1963). Very briefly, the plutonic igneous com

plex of central Skye consists of three intrusive centers. 

The oldest center is the gabbroic complex known as the Cuillin 

Hills. This was followed by granophyres and granites of the 

Western Red Hills, and finally by granites, granophyres , and 

intrusive breccias of the Eastern Red Hills . 

Cuillin gabbro complex 

The mafic and ultramafic intrusive complex of the Cuillin 

Hills (Figure 7-4) and the Blaven (Blath Bheinn) Range (Plate 

7-lb) is an oval shaped mass, approximately 13 km in the long 

(E-W) dimension. At least a 5 km-thick section of cumulates 

are present in this intrusion (Wager and Brown, 1967; see 

Plate 7-2). There are two separate intrusive masses that con

stitute the Cuillin Hills. The older unit, the Outer Gabbros, 

includes sheets of gabbro, intrusive tholeiites, and the Ring 

Eucrite (Weedon, 1961; Hutchison, 1966; Wager and Brown, 1967). 

The younger, ma in unit is a disrupted layered intrusion, ranging 

from dunite, peridotite and allivalites, to eucrites and gab

broic cumulates (Weedon, 1965; Wager and Brown, 1967). Contem

porary as well as post-gabbro faulting has disrupted the layered 

sequence to some extent (Plate 7-3). 
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Plate 7-la. Looking north from Sconser Lodge across Loch 
Sligachan at tiered basaltic lava flows. Flows 
are generally about 2-10m thick. Photo by 
H.P. Taylor. 

Plate 7-lb. View across Loch Slapin to east face of Blaven 
Range, Skye . The face shows the contact between 
the dark-gray Cuillin gabbros and the light-gray 
basalts. The Coire Uaigneich granophyre crops 
out at the base of the cliff near talus slopes in 
left center of photograph. The grassy slopes are 
underlain by Mesozoic sedimentary rocks; fore
ground is Cambro-Ordovician Ourness Limestone. 
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Plate 7-la 

Plate 7-lb 
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Plate 7-2a . Layered Cuillin gabbro; strike 140° , d ip 45 ° NE. 

Pla te 7-2b. 

At this locality (SK-219), average 618 oF = -6.5 
18 and 6 Op = -0.5. 

Cu illin gabbro (SK-208) cut by thin l eucocratic 
plagioclase-rich veinlets. 

l 8 +1.0 and 6 Op = +2.0 

18 Gabb ro has o OF = 



Plate 7-3. 
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Dunite blocks (SK-270; o18o01 = +2.4) in 

Cuillin gabbro. The silvery spo ts in the 

gabbro are caused by large poikilitic crystals 

of pyroxene . Photo by H.P . Taylor. 
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The final stage of emplacement in the Cuillin complex 

is represented by the Loch na Creitheach volcanic vent. 

The vent is composed primarily of pyroclastic debris, mostly 

basalt (Jassim and Gass, 1970). The Cuillin complex was then 

truncated by the Western Red Hills granophyre along its north

eastern edge (see Figure 7-4). 

Western Red Hills 

The Western Red Hills complex (Figure 7-5) is emplaced 

into Tertiary basaltic lavas, the Cuillin gabbro and Mesozoic 

and Torridonian sediments. In places, for example on top of 

Glamaig, remnants of the roof of plateau lavas are still ex

posed. 

The complex consists of about nine separate granitic and 

granophyric arcuate intrusions, with near-vertical, outward

dipping contacts. The mode of emplacement is thought to have 

been a combination of piecemeal stoping and ring-dike intru

sion (Bell, 1966; Wager et ~-, 1965; ·Thompson, 1969). Wager 

~ .!.!_. (1965) proposed the term "epigranite" for this type of 

high-level granite. 

The first group of intrusions (Early epigranites, see 

Figure 7-5) are disposed about a NE-SW oval, centered in the 

vicinity of Loch Ainort. The second group of arcuate intru

sions (Later Intrusions) seem to be centered about a slightly 

different focus, and cut across the earlier epigranites. 
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Note that the apparent drafting error of Wager~~· 

(1965) in their Figure 1, interchanging the order of intru

sion of the SPE with the NPF and the SPF, which has been per

petuated by all those who copied that figure (notably Moorbath 

and Bell, 1965, and Bell, 1966), has here been corrected. The 

SPE has been placed as the earliest of the Later Intrusions, as 

based on the field relationships. Note also that the positions 

of the GE and the MGE of Wager et ~· (1965) have been switched 

in Figure 7-5. The age of the MGE relative to the GE has not 

been definitely established, although these are known to be 

the two oldest granitic intrusions in the Western Red Hills . 

The MGE is the outermost arcuate unit, and on this basis would 

conform to the pattern of intrusion of oldest to youngest as 

we moved inward towards the center. As will be discussed be-

low, there also is a possible suggestion from the systematics 

of the o18o data that the MGE is older than the GE . . 

Quartz and feldspar generally comprise about 90 % of the 

epigranitic rocks from Skye. The remaining minerals may in-

elude fayalite, ferrohedenbergite, alkali amphibole, biotite 

and opaque oxides. Alteration of the primary mafic minerals 

to chlorite, uralite, magnetite, epidote, serpentine, etc. can 

generally be observed in almost every epigranitic rock of the 

central intrusive complex. Such effects are occasionally so 

pervasive that only remnants or pseudomorphs of the primary 

mafic minerals remain. Practically all the granitic rocks 
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from the ring-dike complexes also contain highly turbid al

kali feldspars (see Plate 8-2). These feldspars are almost 

invariably associated with granophyric textures. Miarolitic 

cavities are also characteristic of many of the granitic 

rocks from central Skye. All of the above-described miner

alogical and textural features can logically be attributed to 

the meteoric-hydrothermal fluids responsible for the 18o de

pletion (Taylor and Forester, 1971). 

The following brief descriptions of the rocks that make 

up most of the Western Red Hills intrusive center are based 

largely on works by Wager~~· (1965), Thompson (1969) and 

Bell (1966). Chemical analyses for all of these rocks are 

given in Table 7-1. 

The MGE is a hypersolvus granite with alkali amphibole. 

Coarse microperthite comprises approximately two-thirds of 

the rock. Granophyric intergrowths are restricted to the 

chilled contact rock. The GE is a medium grained amphibole-

and biotite -bearing rock with miarolitic cavities, and the 

rock commonly contains a few per cent of small inclusions. 

Pink alkali feldspar mantles the sadie plagioclase grains; 

the latter mineral has an intermediate structural state. The 

BDME is a pyroxene granite, with phenocrysts of anorthoclase 

fringed by a granophyric intergrowth of quartz and alkali feld

spar. The fayalite is largely altered to serpentine. The LAE 

is very similar to the BDME; possibly these were once one in

trusion. Both intrusions have fayalite and sodic ferrohedenbergite. 
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The SPE is a miarolitic, leucocratic granophyre with 

phenocrysts of alkali feldspar and bipyramidal quartz in a 

granophyric base. The alkali feldspars show transitional 

optics. This epigranite is typically crushed and shattered. 

In places the pulverized material is in the form of mylonitic 

veins. The breccia may have been the result of explosions 

due to high PH 0 during the later stages of solidification 
2 

of part of the magma (Wager~~., 1965). The SPF contains 

quartz and alkali feldspar phenocrysts similar to those of 

the SPE, in a granophyric matrix. Note that these rocks are 

the richest in silica and poorest in iron and magnesium of 

the Skye felsic rocks (Table 7-l). The NPF is similar to the 

SPF, but contains more phenocrysts, in addition to blocks of 

vent agglomerate and small inclusions of basalt. 

The MS includes marscoite, ferrodiorite, and in the 

northern area, glamaigite. Marscoite is somewhat chilled 

against the SPF, which was apparently still partially molten 

during the emplacement of the MS. The marscoite is charac

terized by xenocrysts of andesine, alkali feldspar, and quartz 

in a fine-grained groundmass of the same. This grades into 

the ferrodiorite, composed of andesine phenocrysts, pyroxene, 

hornblende and opaques. In some samples, the ferrodiorite 

also has quartz xenocrysts, and encloses masses of andesinite, 

granophyre, and gneiss (presumably Lewisian). The northern 

late intrusions have no associated ferrodiorite exposed. A 
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variant of the marscoite is present in the northern area, and 

is called glamaigite . 

Harker (1904) recognized that the marscoite was a hybrid 

rock. The chemical compositions of the rocks, the proportions 

and the types of phenocrysts, and the close association in 

space and time of marscoite, ferrodiorite, and the SPF support 

the suggestion that the marscoite is a product of mechanical 

mixing of approximately 70% ferrodiorite and 30 % SPF (Wager 

et ~·, 1965; Thompson, 1969). 

The MBE contains up to 20% of oligoclase phenocrysts 

rimmed wi th turbid alkali feldspar, in a groundmass of alkali 

feldspar and quartz. Mafic minerals include hornblende, bi o

tite, and pyroxene. The ME is typically non-porphyritic and 

miarolitic; otherwise it is similar to the MBE . 

Eastern Red Hills 

The country rocks into which the granites of the Eastern 

Red Hills (Plate 7-4) were emplaced are compositiona lly much 

mo re varied than elsewhere in central Skye. The country rocks 

include Mesozoic sediments, Durness limestone, Torridonian 

sandstone, and Tertiary basalts and agglomerates (Figure 7-6). 

The sequence of intrusion is not as well determined in the 

Eastern Red Hills as it is in the Western Red Hills, but possi

bly except for the BOG the order of intrusion of the gran ites 

seem to correlate fairly well with the type of relationship be

tween age and geometry exhibited by the Early Epigranites of 
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Vi ew to the NE across Loch Sl apin of Be inn 

Dearg Mhor (left) and Beinn Dearg Bheag , both 

of which constitute the southwestern half of 

the Be inn na Caillich granophyre of the Easter n 

Red Hill s . The grassy slopes below Beinn Dearg 

Mhor are underlain by Mesozoic shales, whereas 

t he outcrops across the Loch are of Cambro 

Ordovician Durness Limestone. 



193 

the Western Red Hills. Namely, the sequence of intrusion ap

pears to be from the outside of the complex inward to the 

center (i.e. GBME-+ BCroG-+ AFG-+ BCG). Thus the BCG would 

be one of the latest major granitic intrusions in Skye (Stewart, 

1965; see Figure 7-6) . 

The principal intrusions of the Eastern Red Hills center 

in terms of their relative age relationships, are as follows 

(Stewart, 1965): 

a) Olivine-gabbro sheets in basalts of 
Beinn na Cro and Creagan Dubh 

b) Broadford gabbro (olivine-free) 

c) Glas Bheinn Mhor-Dunan epigranite, GBME 

d) Beinn na Cro granite, BCroG 

e) Allt Fearna granite, AFG 

f) Beinn an Dubhaich granite, BOG 

g) Kilchrist Hybrids 

h) Beinn na Caillich granophyre, BCG 

i ) Composite sills 

Older than d. 

Older than e. 

? 

Older than h' 
also g? 

Older than h , 
also g? 

Older than g? 

Older than h. 

Relative age 
unknown 

The GBME cuts the Western Red Hills granites. It contains 

plagiocla s e phenocrysts in a granophyric groundmass of quartz 

and alkali feldspar. Numerous partially digested xenoliths are 

present. It has been suggested that the BCroG, AFG, and BOG 

may be parts of the same arcuate body. The BOG, however, is in 

many respects unique: (a) it was emplaced into limestone country 



Figure 7-6. 

1 94 

Geologic map ~f the Eastern Red Hills, 
(after Stewart, 1965). Abbreviations 
the text forthese rock units are given 
Table 8-1 

Skye 
used in 

in 
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rocks, (b) the inversion temperatures of quartz from the BOG 

are similar to those of quartz from rhyolites, (c) the feld

spars exhibit intermediate optics (Tuttle and Keith, 1954), 

and (d) this granite has produced contact metamorphic skarns 

with boron- and fluorine-bearing minerals (Tilley, 1951; 1949). 

Excellent examples of composite sills intruding Mesozoic 

sediments are to be found in an arcuate belt extending from 

Suishnish to Broadford. A felsic member almost always occurs 

between two mafic ones, and when evidence of their relative age 

is obtainable, the felsic rock is always found to be younger 

than its mafic margins. The Rudh' an Eireannaich (Ran E) 

sill is a remarkable example of such a composite sill, with 

basaltic margins, felsic center, and hybrid zones indicative 

of mixing of two liquids (Buist, 1959}. 
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Chapter 8 

ISOTOPIC RESULTS: ISLE OF SKYE, SCOTLAND 

8.1 Introduction 

18 13 . All the o 0 and o C values for the analyzed m1nerals 

and rocks from the Isle of Skye are given in Table 8-1 9 and 

presented in Figures 8-1, 8-2, and 8-3. The hydrogen isotopic 

analyses are presented in Table 8-2 and Figure 8-4. The 6
18o 

values in this study cover an enormous range (-7. 1 to +21 . 4). 

This range is extended upward to +30 if we include the car

bonates analyzed for 6
18o by Urey et ~· (1951) in their work 

on the paleotemperatures of a Jurassic belemnite from Skye . 

Hydrogen isotopic variations are also very large, extending 

from -38 to -132. 

The hydrogen isotopic data will be considered first, fol

lowed by a discussion of the 18o; 16o systematics. To simplify 

the discussion of the data, each major geologic unit is ex-

amined in detail in a separate section. This study of southern 

Skye constitutes the most detailed oxygen isotopic program yet 

undertaken on a single igneous complex. Three hundred and 

seventy-six separate samples have been analyzed for their 18o; 
16o ratio s . The major impetus for this program came from the 

preliminary work of Taylor (1968) and Taylor and Forester (1971 ); 

it was felt that a detailed study of the low- 18o rocks of Skye 

would contribute markedly to our understanding of the detailed 

mechanism of meteoric water-rock interactions at high temperatures. 
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Figures 8 - 1 and 8- 2 (in pocket) . 

Figure 8 - 3 . 

6
18o analyses of minerals and rocks of Skye . Th e 

geologic units can be identified with reference 

to Figures 7-4, 7- 5 , and 7-6. Black dots = sam -

ple localities; n0 symbol = ~hol~ rock; Q = quart z; 

q = Q phenocrysts; K= alkali fel dspur ; k = K 

phenocrysts; F = plagioclase; f = F phenocrysts ; 

P = pyroxene; A = amphibole; Cl = olivine ; C = 

calcite; D = dolomite; [p = epirlote; m = miaroli tic; 

g = granophyric; c = cnlculated . Cuillin sample 

IGC - 15 (6 18oF= -5.4 ) , near the contact with the 

Hestern Red Hills , is rlotted in both Figures . 

The details of the contacts from the Wes tern Red 

Hills , as well as the 6 18o data , have been omitted 

from Figure R- 1. The scales are the same in both 

Figures. 

6
18o analyses of minerals and rocks of Skye in 

the area not covered by Figures 8- 1 and 8-2 . Symbols 

as above. 
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Table 8-1 

o18o and o13c analyses of minerals and rocks 

from the Isle of Skye, Scotland 

Mi neral 2 o 18o ( %0 ) Remarks3 

Basaltic volcanic rocks 

39 

60 
61 

62 

67 

70 

122 

143 

144 

153 

155 

159 

161 

164 

165 

166 

168 

169 

\~R 

~JR 

viR 

~JR 

I~R 

viR 

I~R 
Ct 

\~R 

WR 

WR 

WR 

HR 

f, clear 
f, green 

vJR 

vJR 

I•JR 

HR 

WR 

- 2. 0 

-3.4 

- 3.3 

-3.4 

- 6.6 

-6.0 

+1 . 9±0. 0(2) 
+6 . l 

- l. 4 

- 0.2 

- 4.4 

-5.2 

+5.4 

+6.3 
+6.3 

+5.8 

Seriz pheno of plag (lmm) in aphanitic 
gdmass of seriz plag, chl, mag , and ep. 
Amyg filled with chl, qtz, ep, and ct. 
Ep veinlet cuts rock. 

Highly amyg basalt. 

Amyg basalt 1 Veinlet in basalt. ( o 3c=-6.5) 

Aphanitic mag - rich basalt, with seriz 
plag, mag, chl . ep, and px. Cut by 
veinlets filled with zeolites, ep, and 
\vhite mica. 

Melanocratic basalt, 5.5km south of 
Portree. 

' Big-feldspar' basaltic mugearite, 3km 
SW of Loch Greshornish, near Upperglen. 

Clear, osci l latory zoned plag pheno 
(0.7mm) in interserta l aphanitic gdmass 
of plag, chlorophaeite, mag, and px. 
Chl pseudo after ol pheno . 

+4.7 Basalt with plag pheno. 

+4.8 Similar to SK-164, except sli ghtly 
coarser grain size and more plag- rich. 

+0.4 Similar to SK-164, exceptinterstices 
between plag v cloudy and sericite and 
mag-rich. 

+2 . 2±0.0(2) Amyg basalt . 



170 

231 

236C 

238A 

239A 

2390 

240 

2418 

242 

244 

245 

2818 

282 

500 

SOlA 
517 

518 

519 

523 

Mineral 

WR 
~JR 

I~R* 

WR 
~IR 

Ep 

WR 
WR* 

WR* 
WR* 

WR* 

WR 

WR 
WR 
WR 
WR 

WR 
WR 
WR 
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Table 8-l (Cont'd) 

o180 (%o) Remar ks 

+4.7 

+3.0 

+l.l 

+3.8 

+1 . 6 

+1.7 

+2. l 

+1. 5 

+2.5 

+3. l 

+3 .1 

-l. 3 

-2.7 
+3. l 

+0.6 

-6.0 

- 7. l 

- 5.6 

+1 . 4 

Highly amyg basalt. 

Slightly cl oudy , seriz plag, chl after 
px and ol, mag-ri ch px , and ep . Amyg 
filled with chl and ct . 

Same as SK-168 , except with ep- and ct
fi 11 ed amyg . 

Cryptocryst~l line ep- rich veinlet cutting 
ep- and ct- rich basalt; si milar to SK-
239A. 

Reddish volcanic rock , with 3cm long 
amyg with ct and chl. 7m from SK- 241A. 
Similar to SK- 236C. 

Simil ar to SK- 2418. Fractured basal t. 

Pi lotax iti c ; seriz pl ag , ol , and px all 
altered to chl, mag , ct, and hem . 

01 pheno (O .Bmm) now complete ly altered 
to ct , chl, and iddingsite , with cracks 
and rims tota l ly sheathed in opaques . 
Clear to dusty zoned plag, fresh to al 
tered px , mag , hem, ct, and apatite . 
Amyg with ct and chl. 
3m from contact with Cu il lin gabbro . 
Fresh, equigranular (0 .3mm) rock with 
diffu sely zoned , clear to slightly dusty 
plag, dusty px, spinel , and apatite . 

Aphanitic rock with feld ,chl, opaques, 
sericite and ep. Cut by veinlets of ep 
and chl. Ep has hundreds of inclusions 
of some need l e-l ike mineral. 

Similar to SK-517. 



524 
525 
526 
527 
529 
530 

SKY-2 
SKY-17 
SM/67/45 

Mineral 

WR 
WR 
WR 
WR 
WR* 
WR* 
WR 
WR 
WR 
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Table 8-1 (Cont'd) 

0180 (%.) Remarks 

+2.3 
+4.1 

+3.6±0.2(2) 
+5 .7 
+4.3 
+3.3 

-3.6 
+5.4 

+5.8 

Volcanic rock samples exclusive of basalts 
31 WR +0.7±0.1(3) Tuffaceous agglomerate. Matrix of devitri-

fied welded glass, qtz and feld, with 
strong flow banding, with pheno of embayed 
euhedral xls of qtz, K (O.Smm), and rock 
fragments ( 1 mm). 

33 WR -0.3 Kilchrist vent agglomerate. Angular 
fragments ( ~ lcm) of altered basalt, 
quartzite, and carbonate, in a fg com
minuted matrix rich in cl, ct and sericite. 

30 WR* +10.2 Quartzite fragment from Kilchrist vent 
agglomerate. Subangular fragments up to 
30cm across. 

30a 

32 
34 
54 

222 

223 

224 
247 

Ct 

WR 
WR 
WR 
WR 

WR 

~IR 

WR 

+1.4 

-2.4 
-0.6±0 .1(2) 

-1.6 
-5.1 

- 7 . 0± 0 . 1 ( 2 ) 

-6.3 
-3.2 

Calcareous sandstone fragment, Kilchrist 
vent. ( o 13C=-3. 5) . 
Micro-adamellite. Aphanitic, gray-green. 
Quartzite fragment from Kilchrist vent. 
Vent agglomerate. 
Scm-thick felsic veinlet in volcanic 
agglomerate. Seriz, cloudy to turbid 
feld, ep, amph, opaques and apatite. 
Basaltic tuff. Altered fragments in an 
aphanitic gdmass rich in chl, opaques, 
ep, and feld needles. 
Basaltic agglomerate . 
Volcanic agglomerate. Dusty to cloudy 
feld (O.lmm) ep, opaques, and chl, with 
trachytic texture. Some vesicules with 
qtz and chl. 



Mineral 

249A WR 

251 WR* 
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Table 8-1 (Cont•d) 

o180 (%o) Remarks 

-0.7 

-3 .1 

Rhyolite. Fine flowbands, largely qtz
feld, with some lensoid areas with coarser 
(0 . 08mm), qtz-feld intergrowths. 
Volcanic breccia; most of the fragments 
are of basaltic volcanic rocks; some are 
gabbro . 

Dikes, sills, and sheets (basaltic, unless noted otherwise) 
5 WR +3.3 2m thick; cuts lmst. Sample Scm from 

contact . 
10 

17 

19 

20 

22 

24 

25 

28 
29 
45 

46 

WR 
WR 

WR 

WR 

WR 
WR 

WR 

WR 

WR 
WR 
WR 

WR 

-3.6 
-3.8 

+7 .9 

+6 . 9 

+6.4 
+5.8 

+7.9 

+9.1 

-0.6 
-1.0 

+4.6±0.2(2) 

+1.1 

Plag pheno (0.2mrn) in pilotaxitic struc
ture, wet in an altered aphanitic gdmass 
of feld, chl, ep, ct, and sericite. 4cm 
thick dike. Cuts BOG. 

Clear plag pheno (0.4mm) in gdmass of 
clear to dusty plag, px, opaques, and 
chl. Dike cuts shales. 

Gabbroic intrusion; subophitic, generally 
quite fresh. Clear to slightly cloudy, 
zoned plag (l . lmm) with chl along cracks; 
px fresh, but some showing incipient al
teration to chl; opaques, and minor gphy 
intergrowths. 

Gabbroic sheet at base of SK-22. 
Felsite sheet; m. Pheno of embayed qtz 
(0.4mm), cloudy plag (lmm) and turbid K 
(lmm), in a partially gphy gdmass of qtz, 
seriz feld, biot, and opaques. 
Similar to SK-19, except grain size 
~o . 3mm. 3m from contact with shales. 
Contact with shales. Same as SK-24, 
except grain size ~o.lmm, and more chl. 

Felsic portion of composite sill. 
Mafic central portion of composite sill. 
Pre-BOG dike. Seriz plag; px altered to 
amph, and chl, opaques. Cut by veinlets 
rich in amph. 3cm from lmst contact . 

Pre-BOG dike; 15m from contact. 



47 
82 

83 
86 

93 

94 

100 
102 

106 
121 
154 

167 

188 

193 

194 
200 
210 
211 

213 

Mineral 

~JR 

WR 

WR 
~JR 

WR 

WR 

WR 
WR · 

WR 
Ct 
WR 
WR 

WR 

WR 

WR 
WR 
WR 
WR 
WR 
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Table 8-1 (Cont'd) 

o180 (%o} Remarks 

+2.8 
+7.5 

+8.4 
+4.8±0 .1(2) 

+5.8 

+6.0 

+7.0 
-0.5 

+0.1 
+3.8 

-2.1 
+3.9±0.2(3) 

-2.9 

+0.2 

-2.0 
+5.2 

-4.0 
-1.8 

-3.1 

30m from contact. 
lm from BOG contact. Dike is lm thick 
and cuts lmst. 
Same dike as SM-82. 
Amyg basaltic dike cutting sandstone. 
Cuts Lewisian (SK-99); center. Fresh 
plag and px in subophitic texture; chl 
after ol and in interstitial areas; mag; 
chl amyg. 
Cuts Lewisian; contact. Same dike as 
SK-93 . 
Trachyte cutting Lewisian (NG 661 093). 
Flow-banded pitchstone dike in basalt. 
Felsic spherulites, some with concen-
tric strucutre, and dusty K and qtz 
(a-morphology) pheno (lmm) in devitri-
fied felsic gdmass, some gphy textures. 
35cm thick dike. Strike 130° , dip 55°W. 
Veinlet in dike cutting shales ( o13c=-6.7). 
Dike cuts basalt; Strike 130° , dip 90° . 
Subophitic textured diabase, with clear, 
zoned plag, v fresh px (lmm), chl pseudo 
after ol (and some px), mag, and ct. 
3m thick dike in lmst; Strike 150° , dip 
90° . Sample from center. 
lm thick aghanitic dike cutting BOG; 
strike 140 , dip 90°. Sample from cen
ter. Clear to dusty, zoned plag, dusty 
px altering to chl; mag, ct, and sericite. 
Amyg with qtz, ct, and chl. 

Same dike as SK-193; contact. 
Gray, porphyritic sheet. 
Cone sheet in Cuillin Hills. 
Dike cutting SK-210. 
Cuillin radial dike; strike 90° , dip 60° . 



225 

232 
235A 

2350 

237B 
238B 

241A 

250 
258 

265 

266A 

268B 

2850 

292A 

515C 

528 

Mineral 

WR 

I~R 

WR* 

WR* 

WR 
WR 

F 
WR 

WR 
WR 

WR 

Q 
WR 
Q 
WR 

WR 

WR 

q 
k 
WR 

WR* 

204 

Table 8-1 (Cont'd) 

o180 (%o) Remarks 

-2.6 Felsic Cuillin dike. Glomeroporphyritic 
pheno of corroded s-morphology qtz and v 
cloudy to turbid feld (l.Omm), with minor 
gphy textures, in aphanitic gdmass of qtz 
and seriz feld. 

+4.3 Basaltic intrusion in lmst. 
+5.0 lm thick dike in shale; strike N, dip 

78°E; similar to SK-2350. 
+3.3 01 pheno (2mm) now completely altered to 

talc, mag, and chl, in subophitic gdmass 
of clear to seriz, zoned plag (lmm) and 
fresh px; mag. 

-5.0 2.2cm from contact with shales. 
+2.6 Center of lm thick dike; strike 8°, dip 

goo. 

+2.5 lm thick dike cutting SK-241B; strike 
+2.0±0.1(2) 145° , dip 90° Fresh px and clear zoned 

p1ag, with intersertal mag and palagonite. 

-0.3 
+1.1 

+2.g 

+5.7 
+4.8 
+2.2 
+0.4 

+5.4±0.2(2) 

+4.7 

+3.8 
- 2. 1 

-1.4±0.2(2) 

+4. 1 

1m thick dike cuts SKY-lg; strike 160°, 
dip 85°W. Sample center. 
Granitic dike; 8cm thick in Cuillin. Qtz 
(35%, 0.6mm), cloudy to turbid plag and K 
(60%), amph, chl, ep, sphene, and opaques. 
3cm thick granitic dike, cuts Cuillin. 

40cm thick biotite-bearing granitic dike, 
cuts gabbro; strike 175° , dip go0

• 

Clear plag pheno (1 .5mm), in subophitic 
textured clear fresh zoned plag and fresh 
px, with interstitial palagonite (?); ~ag. 
Sample from center of 3m thick dike 
(strike 135° , dip go0

) that cuts GBME. 
Pre-BOG dike with 1.5mm cloudy plag pheno 
in an aphanitic gdmass of seriz feld, 
biot, chl, and mag. 
Felsic dike cutting sandstone. Pheno of 
s-morphology qtz (1 .2mm) and cloudy K 
(2mm) in an aphanitic, partially gphy 
gdmass of qtz and K. 



531A 

5328 

533 

534C 

SKY 4 

SKY 5 

SKY 6 

SKY 8 

SKY 18 

SKY 19 

SKY 20 

SKY 21 

SKY 25 

SKY 27 

SKY 28 

SKY 30 

BM-1 0 

Bt·1- 53 

SM/67/35T 
SM/67 /35~1 

Mi neral 

WR 

~IR 

WR 
~JR 

WR 
F 
l:IR 

WR 
WR 
WR 
WR 
WR 
~4R 

WR 
WR 
WR 
WR 
WR 
WR 
\~R 

WR 

Cui 11 in comp 1 ex 

208 F 
p 

205 

Tab l e 8- 1 (Cont'd) 

o180 (%o) Remarks 

+4 . 2±0 .0(2) Center of?m thick dike cutting GBME. 
Simi lar to SK- 2850 except more chl. 

+5 . 9 Dike cutting GBME. Pheno of oxci l latory 
zoned, cl ear to cloudy plag (1.3mm) , px , 
and qtz, in an aphan'rt:ic gdmass of seriz 
feld, qtz, chl and mag . 

+2 . 2±0 .0(2) Center of lm thick dike . 
+5 .4 Center of 2m thick dike cutting sand

stone. Zoned plag , with myriads of 
needle - l i ke inclusions , px, chl , biot, 
ct , sericite, and mag. 

+5. 2 

+ l. 0 
-2 .1 

- 3.2 

- 2.3 
+7 . 4 

+1.3 

+1.4 

+ l. 4 

+0 .3 

+0.1 

+4 .8 

+5 . 5 

- 2.7 
+2.1 

+0 .1 

+ 1. 4 

+ 1. 0 
+2 .0 

Laminated gabbro; clear , fresh plag (40%, 
0.8mm) in mosaic texture; cpx (60~ , lmm) 
fresh to partly altered to chl; ol (tr) 
altered to talc; apatite. Thin fractures 
traverse the rock. 



212 

215 

217 

219 

226 

227 
229 

253B 

Mineral 

F {mg) 
F ( cg) 
p (mg) 
p ( cg) 

F 

F 
p 
M 

F 
F 
F 
F 
F 

P&A 

F 
F 

F 

f 

f 

206 

Table 8-1 (Cont•d) 

o18
0 (%o) Remarks 

-1.4 
-3.0±0 .1{2) 

+3.2 
+2.7±0.0(2) 

-3 .6 

-4 .2 
+2.7 
-1.4 

-6.3 
-6.7 
-6.9 
-7.1 
-6.5 
-0.5 

-4 .8 
-5.6 

-0.1 
-3.2 

+2 .5 

Dusty plag (40%, 4mm), seriz along 
cracks; cpx (60% up to 4cm) quite fresh, 
but has opaque alteration along cracks . 
Minor chl. Cuspate grain boundaries. 
Similar to SK-208 with mag. Seriz and 
chl most intense as we approach the thin 
fractures and veins. V well laminated . 
Well laminated gabbro. Plag (30%, lmm) 
is clear, but cracked and veined by chl; 
cpx {50%, lmm) as in SK-212; mag {20%, 
lmm) as intercumulus phase, ol now mag, 
chl and talc. See Plate 8-lb. 
Passed max mag setting on Frantz (~ 50%). 
Passed intermed mag setting ( ~30% ) 
Passed low mag setting (~10%) 
Passed v low mag setting ( ~10% ) 
Average plag 
Extremely well laminated cuMulate. Clear 
to v cloudy seriz plag, highly fractured 
and cracked; cpx altering to chl and ura
lite, esp along cracks and rims; mag and 
ep. Intensity of alteration increases as 
you approach main fractures that cut rock. 
Passed through at high mag setting (~50%). 
Passed through at low mag setting (~50%). 
Extremely fine dusty gray zoned plag (2mm); 
ol (2mm), fresh except for minor talc & 
opaque alteration on rims and cracks; cpx 
as in SK-212. Main mafic alteration is 
adjacent to fractures that cut the rock. 

Clear, fresh plag pheno (lcm) in mg matrix 
of clear to dusty plag; dusty px; ol mainly 
fresh, but some altered to talc, bowlingite 
and mag; sericite. 
Cracked & cloudy plag pheno in m-eg sub
ophitic matrix of v fresh px, v cloudy, 
seriz plag; chl & mag. 



260 

263 

2640 

2668 

269 

270 

273 
274 

275 

276 
280 

Mineral 

F 
p 
01 
F 

F 
p 

F 

F 
p 

01 

F 

F 
p 

F 

F 

F 
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Table 8-1 (Cont•d) 

0180 ( %o} Remarks 

+0.4 
+0.7 
+1. 3 

+0.4 

-0.6 
+1. 5 

-0.3 

+1.9 
+3.2 

+2.4±0.0(2) 

-2.2 
-1.3±0.2{2) 
+0.7±0.0(2) 

-1 . 8±0. 2 ( 2) 

-2.7±0.2(3) 

-3.0 

Well laminated gabbro; v fresh zoned plag 
(50%, 2mm), v fresh cpx {45%, lmm), ol as 
in SK-229 (2.5mm). See Plate 8-lc. 
Laminated; equigranular, mosaic texture, 
probably recrystallized. Plag, v fresh, 
clear {60%, 0.2mm); cpx (30%, 0.2mm), v 
fresh; ol (10%, .2mm) generally fresh; 
some replaced by talc, chl, and mag. 
Rock is cut by thin veinlet of chl. 
At contact with dike; zoned, fresh, clear 
plag (80%, 5mm), seriz along cracks, & 
some vfg ep in cracks where ep veinlets 
cut the rock; fresh px (15%, 2cm) some
what cracked & veined by opaques; mag 
(2%, lmm), ol, now largely chl, serp, 
talc, biot & opaques. 
Similar to SK-260, except with plag mega
crysts; ol v fresh; mosaic texture. 
Clear, v fresh zoned plag, fresh cpx, & 
fresh ol with opaque rims; mag. Px 
poikilitical ly encloses other phases. 
Dunite block, 2m x 2m, in gabbro (see 
Plate 7-3 ). Fresh ol ("'2mm) in mosatc 
texture with trains of dust-like opaque 
inclusions; spinel. Thin veinlets (chl, 
talc?) cut rock. 
Similar to SK-226. 
Slightly zoned, highly fractured & veined 
seriz plag (40%, 3mm); cpx (55%, 1.5cm) 
cracked, with dusty opaques along cleav
ages, & veined by chl; fresh ol, with 
minor talc, bowlingite & mag. 
Similar to SK-260 with dusty rims on cpx; 
also layer of fg fresh gabbro similar to 
SK-263. 

Same as SK-260, with v fresh ol. 
Extremely well laminated cumulate, slml
lar to SK-226. All minerals unaltered 
except for dusty inclusions. Minerals 
elongated parallel to layers. 



281A 

H4058 

H4601L 
IGC-15 
SKY 24 

SKY 29 
BM 37 

Broadford 

51 

57 

SKY 16 

Mineral 

F 
WR 

F 
WR 
WR 
F 
F 
p 

WR 
WR 

gabbro 
F 
A 
WR 

WR 

WR 
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Table 8-1 (Cont'd) 

0 lSQ ( %o) 

-3 .2 
-3 .4 

Remarks 

5m from basalt contact. Clear to inclu
sion-rich plag pheno (3mm), in f-mg 
mosaic texture of clear to faintly 
dusty plag, cpx, fresh ol, mag & biot. 

-3.0 Passed through as max non-mag fraction. 
-0.3 
+0.3 

-5.4 
-3.8 
+1. 6 

-2.3 
+2.7 

-3.5 Densely fractured & veined rock; green 
-1.9 pleoc amph (1.5mm) with patchy biref; 
-3.1 highly altered seriz, cloudy to turbid 

-4.2 

-2.7 

plag, often with chl alteration along 
cleavages & cracks, & intense pinkish 
seriz plag on rims; mag, chl, ct, ep, 
talc (?), sphene, and apatite. 
Feldspar-rich vein cutting gabbro similar 
to SK-51. Patchy, clouded K, with minor 
gphy texture; ep . 

Granitic and granophyric rocks 
Maol na Gainmhich Epigranite (MGE) 

51 18 Q +5.2 

512A 

K -6. 7 

q 
k 

+3 .9 
-4.9 

V cloudy to turbid K (2.6mm); cracked 
qtz (lmm) with trains of dusty inclusions; 
mafi cs now largely chl; mag & ep. Ep 
veinlets cut rock. Where fractures c~t 
rock, the minerals are crushed & fg. 
See Plate 8-2b) . K corrected for 2% qtz. 
Pheno of cloudy K perthite (1.5mm) & qtz 
as above (1.6mm) in fg equigranular gdmass 
of same; amph, chl, & mag. Chl veinlets 
cut rock; k corrected for 2% qtz. 



512C 

SKY-7a 

SKY-7b 

Glamaig 
123 

124 

125 

126 

Mineral 

Q 
K 

Q 
K 
Q 
K 

Epigranite 
Q 
K 

Q 
K 
A 

WR 

WR 
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Table 8-1 (Cont'd) 

0180 { %o} Remarks 

+6.3 
-5 .7 

+5.6 
-5.7 
+3.5 
-5.3 

(GE) 
+2.1 
-4.7 

+5.7 
-4.2 
-5 .2 
-5.0 

-5.9 

Cloudy to turbid perthitic K (l.lmm), 
some with gphy, & somewhat dusty qtz (0.9 
mm); opaques. Some qtz up to 3 mm, & 
these were analyzed here. K corrected 
for 4% qtz. 

K corrected for 1% qtz. 

K corrected for 1% qtz. 

Seriz turbid plag & K (2.5mm), dusty & 
cracked qtz (0.4mm); some gphy textures; 
amph, biot, chl, opaques, apatite & ep; 
5% fg inclusions are present (digested 
xenoliths). K corrected for 8% qtz. 
Similar to SK-123, with fresh amph; ep 
veinlets cut rock. K corrected for 5% 
qtz. 
Similar to SK-123, expect rock is highly 
fractured & veined by ep and chl. Much 
of the rock shows signs of crushing & 
comminution. 
Similar to above. 

Beinn Dearg Mhor Epigranite (BDME) 
128 Q +2.0 Fractured, dusty qtz (0.8mm) & turbid 

183 
503 

K -6.0 feld (3mm) surrounded by coarse gphy 
intergrowths. Cpx totally altered to 
opaques. Numerous fractures cut the 
rock, ~rock is crusned along these 
surfaces. See Plate 8-2c. K corrected 
for 3% qtz . 

WR 
Q 
K 

-1.8 

+4.0 
-1.6 

Similar to above; crushed rock. 
Turbid K pheno (3mm), often in clusters 
of 2 or 3 with rims of gphy; also coarser 
isolated grains of fractured dusty qtz 
(1.2mm). Some v fresh cpx; amph, biot, 
opaques & apatite. K corrected for 6% 
qtz. 
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Mineral 

Table 8-1 (Cont'd) 

o180 (%o) Remarks 

Loch Ainort Epigranite (LAE) 

llla mQ +3.3 
mK -4.1 

112 

130 

131 

171 

505 

506 

507 

SKY 9 

BM- 25 

Q 
K 

Q 
K (cal c'd) 

WR 

Q 
K 

Q 
K 

Q 
K 

Q 
K (calc'd) 

WR 
Q 
K 
mQ 
mQ 
mQ 
mK 

Q 
F 

WR 
Southern Porphyritic 

172 gQ 
q 
k 

+4 .8 
-2.2 

+2. 3 
-4 .8 
-2 . 3 

+3.6 
-0.3 
+4. 1 
-4.5 

+3.2 
-0.5 

+4.0 
-1.4 
+0 .4 
+4. 1 
-2.0 
+3.0 
+2.6 
+1. 7 
-4.3 
+2.9 
-0.5 
+1. 4 

Epigranite 

-0 .6 
+0.8 
-4.7 

Similar to SK-128, except fractures not 
evident; m cavities in rock . 
Similar to SK-128, with fayalite altered 
to serp ; feld (2.5mrn), qtz (2mm), sphene 
and amph. K corrected for 3% qtz. 
Large turbid zoned feld pheno (up to 1cm) 
some with clear to dusty cores with ch1 
alteration along rims & cracks; surrounded 
by gphy intergrowths of turbid K & dusty 
qtz. Amph, cpx, chl, opaques, serp, sphene 
& ct; m cavities with qtz, ep, & feld. 
Similar to SK-130, with some oscillatory 
zoned pheno. 
Pheno similar to SK-130; set in an equi
granular to gphy matrix of turbid K & 
dusty qtz. Cpx, amph, serp, ch1, opaques, 
biot, & sphene; m cavities. K corrected 
for 6% qtz. 
Similar to SK-171 & SK-130 with relatively 
fresh cpx & amph, & ct. Shadowy inclu
sions. K corrected for 5% qtz. 
Highly fractured, sheared & brecciated qtz 
& turbid K in comminuted gdmass of same; 
chl. 
Similar to SK-130, with highly developed 
gphy textures. Mafic minerals totally 
altered. K corrected for 8% qtz. 

(SPE) 

Pheno of v cloudy to turbid K (2mm) & 
cracked embayed dusty s-morphology qtz 
(lmm) in a crushed & pluverized base of 
same, with some gphy; chl, white mica & 
opaques; k corrected for 8% qtz. 
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Table 8-1 (Cont'd) 

Mineral Remarks 

181 q -2. 6::0.0(2) Pheno of turbid K (l.8mm) & cracked , 
dusty qtz (1 . 5mm) in a fg gphy gdmass. 
See Plate 8- 2a . 

182 

q; HF strip 
k 
WR 
WR 

q 
q; HF strip 

k 
WR 

Southern Porphyrit i c 

IGC-1 3 

Northern 

SKY-1 3 

Marscoite 

SKY-1 0 

SKY-11 

SKY- 14 

SKY- 15 

q 
k 

Porphyritic 

WR 

Suite (MS) 
Q 
F 
\•IR 

WR 

Q 
F 

~1R 

- 2.7 
- 3. 5 
- 3.1 
- 3.0 
+3.5 
+5. 2 
- 3 . 1 
-1.7 

Felsite 

+4 .0 
+2.6 

Felsite 

- 3.5 

+4 . 5 
-6. 1 
-4. 2 

-6.0 
+4.9 
+0. 1 

-3.0 

r~eall Buidhe tpi granite (MBE) 

521 WR +0.1 

SKY-12 WR -3. 5 

Marsco Epigranite (ME) 

3 em from magnetite veinlet 
<3 mm from magnet ite veinlet 

Similar to SK-1 81, except qtz pheno (S
morphology ; 2mm) not as cracked & gdmass 
shows spherulitic structures, as well 
as gphy ones. 

(SPF) 

Similar to SK-1 82 . 8-morphology qtz . 

(NPF) 

F corrected for 4% qtz . 

Patchy, clear to v cloudy plag pheno 
rimned by turbi d K, in a gdmass of turbid 
K, cracked , dusty qtz, fresh amph, ep, 
chl, opaques, cpx , apatite ·~sphene. Some 
gphy textures. · 

173 Q 
F 

+6 .2±0 .0 (2) Simil ar to SK-521 , except equi granular; 
- 0.8 feld == 2.1 & qtz :o- l.5mm ; serp after faya 

lite ; v fresh amph ; m cav i ties . F cor
rected for 1% qtz . 



177 

180 

IGC-6 

Mineral 

gQ 
Q 
F 

Q 
F 

Q 
K 

212 

Table 8-1 (Cont'd) 

o180 (%o) Remarks 

+6.0 
+5.5 
-3.5 

+5.9 
+0.4 

+6.4 
+1.2 

Similar to SK-521 and SK-173, with bet
ter developed gphy textures around K -
rimmed zoned plag. Equigranular (~2mm). 
Mafics slightly more altered than in 
SK-173. F corrected for 9% qtz. 
Similar to SK-177 with mafics slightly 
more altered, & more gphy textures. 
Feld (lmm) & dusty qtz (0.5mm); m cavi
ties. F corrected for 7% qtz. 
Similar to SK-173, with fresh cpx & amph. 

Glas Bheinn Mhor Epigranite (GBME) 
109 Q +2.3 Cloudy to turbid zoned plag pheno (2mm) 

in a m-fg turbid gphy base; amph, cpx, 
chl, biot, opaques, serp & apatite. 

286 Q +2.4 Clear to cloudy oscillatory zoned plag 
K (calc•d) -1.6 pheno (2.5mm) in a well developed gphy 

SKY-3 
SM/67/36 

Beinn na 
SKY-26 

WR -0.2 base; mafics more altered than in SK-
109; some lcm sized partially digested 
inclusions. Small m cavities with py
rite, qtz & feld. 

WR +0.2 

~~R -1.2 
Cro Granite (BCroG) 

Q +4.5 
K -0.7 

Allt Fearna Granite (AFG) 
52 

74 

Q 
K 

Q 
K 

+3.7 
-3.7 

+4.9 
-3.8 

Turbid K & dusty qtz. Rock is highly 
fractured with crushed fg qtz & feld 
along fractures; chl, opaques, sphene. 
Chl-rich veinlets cut the rock. K 
corrected for 2% qtz. 
Turbid K (2.2mm) & quite dusty cracked 
qtz (lmm), about 1/3 of which is in 
gphy intergrowths; chl, opaques. K 
corrected for 1% qtz. 



9 

11 

12 

13 

78 

189 

190 

191 

192 

195 

196 

Mineral 
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Table 8-1 (Cont'd) 

o180 (%o) Remarks 

Beinn an Oubhaich Granite (BOG) 
WR 

Q 
K 

Q 
K 

WR 

~IR 

Q 
K 

WR 
WR 

Q 
K 

Q 
WR 

Q 
K 

q 
k 

Q (gdmass) 
WR 

+5.3 

+7 .0 
+0.9 

+7.4 
+4.2 

+5.7 

+5.7 
+7.8 
+5.8 

+2 .1 
+2.5 

+7.2 
-1.0 

+7 . 6±0.2(3) 
+ 1 . 9± 0 . 1 ( 2 ) 

+6.9±0.0(2) 
+0 . 5± 0. 0 ( 2 ) 

+7.1 ±0.0{2) 
+5.0±0.0{2) 

+7.4 
+4.2±0.3(2) 

Slightly clouded to turbid K, dusty qtz, 
& cloudy plag; amph, biot, chl, opaques 
& sericite. Minor gphy textures. As
suming ol8oQ = +7.3, calc'd ol8oK = +4.2. 
Contact with dike SK-10 . K corrected for 
1% qtz. Cloudy K (1.2mm) & qtz (1.2mm); 
minor gphy textures. Chloritic amph. 
Cloudy to turbid feld especially on rims, 
(1.4mm) & dusty qtz (1.3mm); some zoned 
plag, amph, chl, biot, opaques, sericite, 
sphene, & apatite. Coarse graphic texture. 
Pheno of clear to cloudy K, qtz, & zoned 
plag (up to 5mm), in a variable-s ized m-
fg gdmass of broken qtz, turbid feld & 
sericite. Chl, amph, biot, opaques, & 
apatite. Assuming 618oQ = +7 .3 , calc'd 
cl8oK = +4.7 

Feld (2.lmm), usually clear in central 
parts, & cloudy to turbid on rims; dusty 
qtz (1.5mm), amph, biot, sphene, opaques, 
& apatite. Granitoid . 
Felsic dike, <2mm from BOG 
Felsic dike, lcm from BOG 
Aphanitic K & qtz. 
Cloudy K (0.5mm) & somewhat dusty qtz 
(0.3mm) ; equigranular. Amph, biot, opaques. 
K corrected for 1% qtz. 
Qtz pod 
Felsite. Similar to SK-191, except slightly 
finer-grained (~0.3mm). 

Contact with dike SK-194 
Cloudy to turbid K (0.7mm) & dusty qtz 
(0.6mm); altered mafics. Some clear feld 
cores . K corrected for 1% qtz. 

Pheno of cloudy feld (1.2mm) & dusty qtz 
(1.2mm) in fg gdmass of same; amph, chl, 
o~aques; k corrected for 3% qtz. Calc'd 
o 8oK in gdmass = +1.7; calc'd ol8o gdmass 
= +4.0. 
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SKY 22 

20813 

Mineral 

Q 
K 

Q 
K 
M 

Q 
K 
F 
WR 
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Table 8-1 (Cont'd) 

0180 ( %o) Remarks 

+7.5±0. 1(2) <~em from fracture; si~ilar to SK-189. 
+2 . 7±0.1(3) 

+7.3 
+4.9 
-0.1 
+7.0 
+6.0 
+6.3 
+6.2 

Bei nn na Ca i 11 i ch Granop.hyre ( BCG) 
36 Q +3.4 Turbid feld (1.6mm) & dusty qtz (0.8mm) in 

K +0.9 a fg gphy base, with opaques & altered 
mafics; m cavities with qtz & feld. 

WR +3.1 37 Same as SK-37b 
37b Q +4.5 

K +0.8 
mQ +3.7 
mK -2.0 

38 ~JR +0.9 

Creag Strollamus Granite (CSG) 
SKY 1 Q +1.0 

K -3.1 
Caire Uaigneich Granophyre (CUG) 

147 WR -1.3 

157 ~1R -2.5 

284 WR +0.5 

Jurassic sediments 

Similar to SK-36, except slightly coarser 
grained feld, & gphy textures not as 
prevalent. K corrected for 5% qtz. 

Similar to SK-36, but with prevalent 
gphy textures, chl, & ct. 

Needles of inverted tridymite, in a fg 
gdmass of gphy, v cloudy feld & qtz; opx 
altered to chl, serp, & biot; opaques, 
ep & apatite. 
Similar to SK-147, but rims of feld v 
dusty. 

Similar to SK-147, but not as altered. 
Fresh opx is present; feld are clear to 
cloudy with v dusty rims; oscillatory 
zoned plag. 

2 

16 
WR 
WR 

-0.6±0.1(2) Shale; aphanitic; opaque-rich; white micas. 
+12.4 Shale; fossiliferous beds; gritty in part. 
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Table 8-1 (Cont•d) 

Mineral o180 (%o) Remarks 

120 WR +7 .4 Shale; calcareous; strike 35°, dip 35°W. 
134 Q +11.3 Sandstone, interbedded with lmst. Strike 

10°, dip 40°W. 
135 Q +12.0 Sandstone 
136 ~~R +13.0 Sandstone, subhorizontal beds. 
142 Q + 11.6 Sandstone 
151 Ct +5.7 Lmst, 5 em from contact with basalts 

( o 13c=+ 1 . 5) . 
206 Q +10.0 Sandstone at contact with Rudh 1 an 

Eireannaich sill 
254 Ct + 15.1 Lmst, angular qtz, ct, white mica, 

opaques (ol3c=-0.1). 
259 Ct +9.0 Lmst, 2m below base of Ran E sill. 

Subrounded qtz, ct, feld, chl. (ol3c= 
-0 .4). 

293 WR 0.0 Shale 

Triassic sediments 
201 WR +10.9 Conglomerate; quartzite fragment. 
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Table 8-1 (Cont'd) 

Sample Mineral ol3c 
SK- ) 

(%o ) 0
180 { %o ) Remarks 

Cambro-Ordovician Durness Limestone 
4 Ct -3.5 +19.0 Bedding strike 50°, dip 25°NW. 

D -2.8 +21.4 
6 Ct - 3. 1 +6.6 Cut by SK-5. 

14 Ct -1.7 +20.8 Bedding strike 135°, dip 90° . 
42 Ct -4.6 +0.5 Banded 1mst skarn. 

0 -5.1 -0.6 
43 Ct -4.9 +9.7 
44 Ct -1.8 +15.9 
48 Ct -1.5 +19.2 20m west of contact with dike. 
49 Ct -1.7 +11. 9 Silicified lmst near BOG. 
50 Ct -1.8 +17.4 Bedding strike 40°, dip 50°S. 
79 Ct -3.2 . +17.0 5m from SK-78 (BOG). 
85 Ct -4.0 +16.1 Skarn in quarry. 

0 -3.3 + 19.1 

187 Ct -1.0 +16.3 



Mineral 

Torridonian sandstone 
41 

63 
77 

87 
88 

90 
116 

203 
283 

288 

512F 

514A 
5158 
516A 
5340 

Q 
WR 
Q 

WR 
\~R 

Q 

Q 
~JR 

WR 
Q 

WR 

Q 

Q 

Q 

WR 
WR 

Lewisian Gneiss 

91 

92 

98 
99 

WR 

Q 

WR 
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Table 8-1 (Cont'd) 

0180 ( %o } Remarks 

+3.6 
+2.8 

-3.9 
+1. 5 

+10.0 
+10.8 

+14.4 
-6.2 

+10.8 
+6.3 

+2.0 

+4.9 

+3.7 
+6.6 
-3.2 

+10.8 

Fractured sandstone. 

Highly fractured & veined sandstone. 
Fractured rock. 
1m from SK-8b (dike). 
Sandstone, intercalated with shaly beds, 
strike 30° , dip 30°W. Subangular qtz, 
ct, white mica, feld, chl, & opaques. 

Similar to SK-88. 
Highly fractured & veined rock. 

Qtz in a dusty to cloudy feldspathic 
matrix. 
Dusty, fractured qtz, clear to cloudy 
feld, chl, ep and opaques. 
Qtz, cloudy feld, chl, biot, white mi ca, 
sphene, opaques. Rock is highly frac
tured & veined. 
Similar to SK-512F. 

+6.0 Crenulated feldspathic mica schist; foli
ation strike 90°, dip 48°S. (NG 679 115). 

+7.6 mg quartzofeldspathic bands alternating 
with fg qtz, feld, & ep. Biot, chl, sphene, 
opaques. (NG 665 084). 

+9.4±0.1(2) Vein in Lewisi an (NG 654 059). 
+6.6 mg actinolite-biot-qtz-feld-ep-chl-opaque 

schist. (NG 654 059). 
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1. All sample numbers without letter prefix are SK- . 

2. Abbreviations are Ep = epidote; f = plagioclase phenocrysts; 01 = 
olivine; m = miarolitic; g = granophyric; other symbols as in 
Table 6-1. 

3. Abbreviations are amyg = amygdaloidal, amygdules; ep =epidote; 
gphy = gra~ophyric; NG = national grid reference for Ordnance 
Survey 1 in to 1 mile maps; Serp = serpentine, biref = birefringence; 
lmst = limestone; pseudo= pseudomorphic; other symbols as in Table 
6-1. For descriptions of SKY1430, see Taylor and Forester (1971); 
for descriptions of 20813, H4058, H4601L, BM-10, 37 & 53, see Moorbath 
and .Bel l (1965); for descriptions of SM/67/36 , SM/67/35T, SM/67/35M, 
and SM/67/45, see Moorbath and Welke (1969). IGC samples are from 
Ian Campbell collection at Caltech. 
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8 .2 Hydrogen isotope systematics 

As in other areas where o18o analyses indicate that the 

rocks have been strongly perturbed by heated meteoric waters 

during cooling and crystallization, 0/H analyses totally con

firm this contamination effect. Hydrogen isotope analyses have 

been carried out on sericites, amphiboles, chlorites, biotites 

and epidote from the Tertiary igneous rocks of Skye, as well 

as on several whole -roc k sampl es from the Torridonian and 

Lewisian. 

The hydrogen isotope systematics exhibited by the igneous 

rocks at Skye are similar to those displ ayed by the rocks in 

the Stony Mountain complex, Colorado (see Section 6.3). 

Sericites are found to concentrate deuterium relative to the 

hydrous mafic silicates, but each phase is drastically depleted 

in 60 with respect to •normal • igneous rocks (on the order of 

50 per mil, Figure 8-4). The sericites are exceedingly uni

form in oO, with values of -104, -106 and -1 07 . The chlorites 

have an av erage oO = -127 and are indistinguishable from the 

Tertiary amp hiboles which average -124 (excluding SK-5328). 

Possible r easons why the ch l orite samples have less deuterium 

than expected on the basis of the 0/H data of Taylor and Epstein 

(1966) have already been stated above in Section 6.3. 

Hydrogen yields from these samples indicate that the feld

spars are turbid and in thin se~tions they appear at first 

glance to be largely altered to sericite. However, they maintain 
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Table 8-2 

Hydrogen isotopic analyses from Isle of Skye, Scotland 

SAMPLE MINERAL 1 ROCK UNIT 0 o2 REMA RKS3 
( S K- 1 ) {per mil) 

2 39 D Ep Basalt - 38±0 ( 2 ) 
22 s Felsite sheet -104 
74 s Allt Fearn a Granite -106 

225 s Felsite dike -107 
51 A Broadford gabbro -123 
99 A Lewis ian -74 

189 A Beinn an Dubhaich 
Granite -120 

124 A G1amaig Epigranite - 1 2 8± 1 ( 2 ) 
219 A Cui1lin gabbro -11 9 
173 A Mars co Epigranite -127 
177 A Marsco Epigranite - 121 ±1 ( 2) 

521 A Meall Buidhe 
Epigranite -1 27 

532B A+C Basaltic dike -lOS 50 %A, so ~ c 

99 B Lewisian -72 
268B B Granitic dike -118 
236C c Basalt -122 
2538 c Cuillin gabbro -1 26 
243B c Basalt - 1 32 c amygdules 
288 C+W Torridonian sandstone - 1 01 70%C, 30%W. 

Trace of Ep. 
90 W+C Torridonian sandstone -95 90 %W, 10%C 
88 W+C Torridonian sandstone -63 85 %t.J. 15%C 
89 w Torridonian sandstone -66 

1. S = sericite; A= amphibole; C =chlorite; W =white mica; 
Ep = epidote. 

2. Analytical error is average deviation from the mean. Nu mbers 
in parentheses indicate number of separate analyses. 

3. Gomplete descriptions given in Table 8-1. Mineral percentages 
give the estimated % contribution of each mineral to the 
measured oD value. 
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their feldspar optics and, as confirmed by the hydrogen yield 

data, the very fine-grained sericite makes up but a minor part 

of the feldspar. 

The Tertiary amphiboles range from -105 to -1 28 . No te 

that the sample with the most positive oO value in this group 

( - 105) also has a 'normal' o18o = +5.9. This is one of a 
R 

series of basaltic dikes cutting the GBME on the southwest side 

of Loch Ainort that have normal o13o {+5 . 2 , +5.4,+4 . 2;see Fig . 8- 2) . 

Here then is evidence that some l ate - stage igneous activity 

occurred at Skye well after the emplacement of the major plutons 

that were responsible for the maintenance of the lar ge meteo ric -

hydrothermal convection systems. The hydrothermal activity in 

the vicinity of the GBME must have nearly ceased at the time of 

intrusion of these fine - grained dikes; otherwise they would have 

exchanged with the meteoric - hydrothermal fluids and the adjacent 

low- 18o granophyric country rocks and thereby atta i ned 618o 

va lues on the order of zero. The 60 = -1 05 may represent a 

partial hydrogen isotopic exchange with the GBME . 

Another interesting sample is SK-1 89 , with a 60A = - 120. 

This BOG sample has the most 'n ormal' 613o-values for coexisting 

quartz and alkali feldspar of any of the rocks fro m the BOG, and 

in fact is the most pristine (i.e. unaltered) granite y.et ana-

lyzed from Skye in terms of oxygen isotope s . In terms of 0/H 

however , it is indistinguishable from rocks that have undergone 

drastic 18o depletion . This is not unexpected of course because 

. . d d l . h l l th 1 t. 18o 6Q- K 1s 1n ee s 1g t y arger an norma , sugges 1n g some 
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exchange of the alkali feldspar; note that if the oxygen 

isotopic compositions have been affected at all, one would 

expect that the original hydrogen isotopic record would be 

totally wiped out. 

Data from the Torridonian are more difficult to inter-

pret, because they represent Precambrian clastic and authi-

genic material as well as, in some instances, newly formed 

minerals. SK-288 is the only such sample close to the central 

intrusive complex, and it has clearly undergone significant 

oxygen isotope exchange (o 18oR = +2.0). Its position on the 

oD vs o18o plot (Figure 8-4) is similar to that of the Tertiary 

rocks whose dominant hydrous phase is sericite. 

Both SK-88 (sandstone) and SK-89 (shale) have similar oD 

values (-63 and -66) that are much higher than any of the 

Tertiary samples except the epidote from SK-2390. These sam-

ples are a good 8 km from the central intrusive center of Skye 

and appear to be well outside the area of hydrothermal alter

ation (see also Figure 8-9). Although the NNW -trending dike 

swarm has affected the region, the oD values in these rocks 

cannot have been very much modified from their original values. 

However, SK-90 is even further removed from the Tertiary plu

tonic complexes, approximately 12 km distant, yet it has a oD = 

-95, or about 30 per mil lower than SK-88 or SK-89. The dom-

inant hydrous phase in all three cases is white mic a, but note 

that SK-90 is from a distinctly different group within the Tor

ridonian succession. The SK-90 sample plots very close to the 
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kaolinite line, and it conceivably could have undergone ex-

change with meteoric waters at very low temperatures. 

Coexisting biotite and amphibole from a Lewisian schist 

(SK-99) have identical 60 values of -73 ± 1. Thus, in terms 

of both oxygen and hydrogen isotopes, these samples are totally 

unaffected by the Tertiary events on Skye. This is not sur-

prising, inasmuch as these samples are from outcrops more than 

16 km away from the plutonic centers of Skye. Note that, on 

the cO vs o18o plot (Figure 8-4), they fall within the area of 

'norma l ' isotopic values shown by igneous and metamorphic rocks. 

The most enigmatic sample is SK-2390, an epidote with 60 = 

-38 and o18o = +1.7. The epidote is even more enriched in 

deuterium than biotites and amphiboles from ' normal' igneous 

and metamorph ic rocks (see Figure 8-4). It is possible for the 

H20 of a hydrothermal fluid to become enriched in deuterium if 

it undergoes some reduction to H2 or CH 4 . For example, at 300°C, 

the equilibrium fractionation between H20 and H2 is approximately 

500 (Bottinga, 1969). However, a strongly reducing environment 

is not in accord with the presence of epidote, which is charac-

terized by trivalent iron. It should be noted that the H2 con

tents in these hydrothermal fluids throughout the Skye area 

must have been very · low. For example, under oxygen fugacities 

equivalent to the quartz-fayalite-magnetite buffer, at Pgas = 

500 bars and T = 727° C, the fugacity ratio fH /fH 0 = 0.02. At 
2 2 

527 ° C, the ratio is still 0.02, and at 527 ° C under conditions 

of the nickel-nickel oxide buffer, this ratio is 4.7 x 10- 3 
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(Eugster and Skippen, 1967). These H2 contents are too small 

to have caused appreciable changes in the ~0 of the H20. At 
0 i about 500 C, with H2!H 2o = 0.02 and ~ OH 0 = -90, the ~0 of the 

2 
H2o in the final fluid will be increased only by 8 per mil, in 

spite of the large H20-H2 equilibrium fractionation of about 

300 (Bottinga, 1969). 

It is perhaps also possible that ocean water was in volved 

in the hydrothermal alteration of certain basalts and thus re -

sponsible for the deposition of some of the epidote at Skye. 

However, no other samples at Skye have been found with ~0 

values as anomalously close to ocean water as this, and there 

is no indication from the geology that submarine igneous acti-

vity occurred here. It should be further noted that a chlorite 

sample from a basalt only 1 km distant from SK-2390 has a ~0 = 

-122. 

A major problem in explaining this ~ 0 value lies in the 

fact that the hydrogen isotopic behavior of epidote is not 

known. No experimental work has been done on the 0/H fraction

ations of this phase, and very few analyses have been . reported. 

Epidote-rich samples from the Boulder batholith, Montana tend 

to be richer in D than analogous epidote-poor samples (Sheppard 

and Taylor, 1974). Epidote amygdules from hydrothermally al

tered basalt surrounding the Skaergaard intrusion, East Green

land, have been analyzed by Taylor and Forester (1973), and 

they turn out to be only about 20 per mil richer in deuterium 

than the ch lorite amygdules. Epidote from the Lake Superior 
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Keweenawan Lavas, Michigan, have cO z -45 to -60, similar to 

the coexisting prehnite and analcite (Forester and Taylor, 

unpublished data). Therefore, although there is some evi

dence from other localities that suggests at equilibrium 

epidote tends to concentrate 0 relative to many other OH

bearing minerals, there is at present no adequate explanation 

for the striking 0 enrichment shown by sample SK-2390. 

If we utilize a reasonable fractionation factor for the 

amphibole-water system using the data of Suzuoki and Epstein 

(1974), we can estimate that the Eocene meteoric waters in 

Skye had cO ~ -95 or -90. Similarly, the sericite data sug

gest a cO value of the hydrothermal fluids at Skye to have 

been appro ximately -90 or -85. Using the well-established 

relationship between cO and c18o in pristine meteoric waters 

(Craig, 1963), this gives c18o = -12 to -13 for the early 

Tertiary meteoric waters on Skye. Because of the character

istic positive " 18o shift" shown by geothermal waters, this 

would represent the probable minimum value for the meteoric

hydrothermal waters at Skye; therefore all of the oxygen iso

tope effects discussed below must have been produced by waters 

with c18o > -1 2 to -13. 

8.3 Lewisian gneiss 

The only two localities on the Isle of Skye where the 

Lewisian basement gneiss crops out are (l) east of Beinn na 

Cro (see Figure 7-5) and (2) bordering the Sound of Sleat. 

All the Lewisian samples analyzed in this study are from the 



227 

latter area. Three samples of these metamorphic rocks have 

o
18o values of +6.0, +6.6, and +7.6. A 3m-thick quartz vein 

within the Lewisian (SK-98) has a o18o = +9.4. These samples 

are all more than 16 km from the central intrusive complex, 

at a distance where even the basalts would not have been af-

fected (see Figure 8-9). It is also clear from the hydrogen 

isotopic analyses (Section 8.2) that these Lewisian samples 

have not exchanged with Tertiary meteoric waters. Further

more, the dike rocks cutting the Lewisian all have normal 

o18oR values (SK-93, 94 and 100 are +5.8, +6.0, and +7.0 re

spectively). 

The Lewisian samples are lower in 18o than most analyzed 

schists and gn eisses throughout the world; the latter typically 

have o18oR values between +10 and +18 (Garlick and Epstein, 

1967; Devereux, 1968; Shieh and Taylor, 1969a; Schwarcz ~ !l·, 

1970; Turi and Taylor, 1971). However, most of these higher-
1 8o k 1 . t . . 1 . . . . t . roc s are pe 1 1c or sem1-pe 1t1c 1n compos1 1on. High-

grade metamorphic rocks (e.g. granulites and some metamorphic 

eclogites, Taylor, 1969; Wilson~ !l· 1970; Wilson, 1971; 

Vogel and Garlick, 1970; Javoy and Allegre, 1967; Schwarcz 

and Clayton, 1965) approach the 18o; 16o ratios of igneous rocks. 

The Lewisian represents a polymetamorphic terrane that has 

undergone an early granulite-facies metamorphism, at least two 

separate amphibolite facies metamorphic events, as well as 

mylonitization and faulting events (Bowes, 1969; Lambert and 

Holland, 1972; Moorbath and Park, 1971 ). Thus, very early in 
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its evolution, the Lewisian samples may have attained oxygen 

isotopic compositions approaching those of igneous rocks. 

The samples are essentially gabbroic or dioritic in compo -

·t· th 1 d . h . 18o s1 1on, so ey a so could have starte out w1t 1gneous o 

values. Thus, in spite of their relatively low o18o values , 

the Lewisian metamorphic rocks are best interpreted as not having 

been affected at all by the Tertiary me teoric-h ydrothermal 

events. 

8.4 Torridonian sedimentary rocks 

The Precambrian Torridonian rocks of Skye have been vari -

ously affected by the Tertiary meteoric - hydrothermal activity; 

the effects are largely a function of distance fro m the central 

intrusive complex. This is illustrated in Figure 8-5 , where 

o18o0 is plotted against distance from the nearest major in 

trusive body. As wi ll be seen below, the relationship shown 

here is similar to the re l ationship exhibited by the other 

country rocks at Skye , namely the Jurassic shales and the 

basaltic lavas. In this case, however, we are dealing with 

the relatively resistant mineral quartz, and thus the effects 

extend outward only about 1 km. If we plot o18o vs distance, 

we have a similar trend, except that the low- 18o effects ex 

tend outward for about 4 km because the o18 oR values are sub -
1 8 stantially lower than o o

0 
(see Table 8-1 and Fi gure 9-3 ). 

These differences between the whole-rock and quartz graphs 

are a result of the lower resistance to oxygen isotope exchange 
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of the other minera ls present in the Torridonian sediments, 

namely feldspars, clay minerals, carbonates, and rock frag-

ment s. 

The most significant aspect of the isotopic data from 

the Torridonian rocks is that the meteoric-hydrothermal con-

vection systems must have penetrated downward ~ least to the 

level of the lowermost section of flat-lying sedimentary rocks 

present in the Skye area. This means that, at a minimum, the 

convective circulation went down essentially to the unconformity 

with the baseme nt Lewisian gneiss. 

The Torridonian sandstone sample SK-63 (o 18o = -3.9} re

presents the most 18o-depleted quartz sample yet analyzed 

from the Scottish Tertiary Province, except for that of the 

Grigadale granophyre in Ardnamurchan (-6.0). SK-63 is from 

the Creag Strollamus area of Skye (King, 1953), a compl ex 

region where highly fractured and 'granitized' Torridonian 

is spatially associated with Tertiary volcanic rocks, the 

Broadford gabbro~ and granitic intrusions. Inasmuch as 'normal', 

unaltered Torridonian sandstone has 0180 
Q > +10.8, the quartz 

in SK-63 must have been lowered in 180 by about 1 4 to 1 5 per 

mil! The Torridonian here is so intimately invaded and af

fected by granite, that King (1953) regarded the granites as 

having formed by the~ situ granitization of Torridonian. 

The particular geologic occurrence of this sample, especially 

its highly sheared and fragmented nature and its intimate asso

ciation with igneous intrusions, apparently aided the oxygen 

isotopic exchange pro cess. 
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8.5 Cambro-Ordovician Durness limestone 

The Durness limestone, as previously mentioned, forms a 

uniquely important rock unit involved in the Tertiary igneous 

complex. Normal sedimentary carbonate rocks have well-defined 

6
18o values of about +18 to +25 and 6

13c values of about -1 

to +1 (Keith and Weber, 1964; Degens and Epstein, 1962). The 

calcite samples of the Durness limestone analyzed in this 

study deviate strongly from these •normal • values; they range 

from +0.5 to +20.8 (6 18o}, and -4.9 to -1.0 ( o13 c}, while the 

dolomites vary from -0.6 to +21.4 (o 18o) and -2.8 to -5.1 

( o13
c) (see Figure 8-6). 

Except for the most 18o-depleted sample, the dolomites 

have heavier o13c and o18o values than coexistin~ calcites in 

the same sample. This is the expected relationship both from 

an equilibrium standpoint, and the fact that dolomites are 

more resistant to isotopic exchange with H20 than are calcites. 

Isotopic disequilibrium between dolomite and calcite is parti-

cularly apparent in skarn sample SK-42. This is probably ana

logous to the type of isotopic disequilibrium observed in al-

most all coexisting silicate minerals in the Skye intrusive 

complex (see below). One way in which the disequilibrium in 

these carbonates could have come about is as follows. Assume 

that the carbon ates equilibrated at approximately 400°C with 

o18oH 0 ~ -5, producing dolomite with o18o ~ -0 .6, the present-
2 

day value. If the temperature of the hydrothermal fluid then 

0 
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decreased by about 100°C, or the isotopic composition of the 

water increased to about -4. then the calcite may have under-

gone retrograd e reequilibration to the new equilibrium value 

( 6
18o = +0.5, its present-day value) while the more resi s tant 

dolomite may have maintained its original recrystallized iso-

topic composition. 

Note that there is a positive correlation shown in Figure 

8-6 between a13c and 6
18o. The slope of the best-fit line 

through these Durness carbonate data-points is 0.12. If we as 

sume that co2 was the dominant oxygen-bearing fluid evolved 

during decarbonation and skarn formation from these dolom i t es, 

then the isotopic changes in the carbonates may have approxima t e l y 

followed a Rayleigh- t ype distillation with R = R
0
fa-l, or 6 - 60 = 

103 (a-1) lnf, where f represents the fraction of co 2 remaining 

at any stage of the process. This type of equation would apply 

to both 13o1 16o and 13c1 12c ratios. If the reactions over the 

whole of the Durness limestone occurred, on the average, at 

approximately 350°C, we find that at equilibrium, a 13cCt CO 
18 - 2 

0.9976 and a Oct-CO = 0.9900 (Bottinga, 1968) . Thus the 
2 

= 

· f 13c 18o d.· ·1 1 b d evolut1on o co 2 on a o -6 1agram w1 e represente by 

a line of slope (a13c-l) I (a 18o-l) or 0.24. This slope is 

significantly differ ent than that defined by the isotopic data 

of the Cambro-Ordovic ian Durness Limestone. It is however simi-

lar to the slopes defined by contact metamorphic marbles and 

skarns of (a) the Trenton limestone in the vicinity of the Mount 

Royal pluton, Montreal (Deines and Gold, 1969; slope = 0.28), 
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and (b) the Birch Creek aureole near Inyo batholith, California 

(Shieh and Taylor, 1969b; slope ~ 0 . 25). Thus this equilibrium 

Rayleigh-type model affords a qualitative explanation for the 

distribution of points on a 613 c - 618o plot for the two above -

mentioned contact metamorphic zones, but cannot quantitatively 

explain the Durness carbonate data unless the a values are 

mod ified by kinetic factors or other non-equilibrium effects. 

It should also be noted that if H20 was an additional 

phase in the fluid, then because of 18o exchange between the 

H20 and co 2 , the effect on our Rayleigh distillation model 

would be to increase the slope of the line, and thus an even 

greater discrepancy would exist between the calculated and 

actual slopes. This emphasizes the fact that another process 

may have operated in the evolution of the re crystallized 

Durness limestone. The constraint is t hat the process would 

have to yield a lower slope than that defined by our Rayle i gh 

mode l. Such a process, namel y exchange with low - 18o hydro-

thermal waters , is abundantly evident elsewhere in Skye, and 

therefore it is logical that it also operated in the Durness 

limestone at least to some extent. In fact, meteoric waters 

must have penetrated the li mestone unit in order to reach the 

BOG (see belovJ). 

The effect of isotopic exchange with the groundwaters 

would be to lower the 6 18o values of the carbonates ; those 

skarn samples that have been most strongly metamorphosed ap-
1 8 parently have also undergone the most 0 exchange with heated 
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meteoric waters. The latter process would have little if any 

effect on the o13c values, inasmuch as the carbon reservoir 

is essentially the carbonate unit itself. Hence, it appears 

that two processes have acted simultaneously during the re

crystallization of the Durness limestone - (1) evolution of 

C0 2 following a normal Rayleigh-type distillation pattern, 

and (2) exchange with heated meteoric ground waters . 

Two calcite veinlets from the Tertiary basaltic dikes of 

Skye are also plot ted in Figure 8-6. Note that their o13c 

va lues (-6.7; -6 .5) are compatible with an igneous origin for 

the carbon (Deines and Gold, 1973; Deines, 1970; Taylor~!!·, 

1967) while the o18o values could be accounted for by crystal

lization between 150° and 200°C from H2o with o18o ~ -6. 

There are some interesting isotopic relationships exhibited 

at the contacts between the limestones and the intrusi ve dikes. 

A 40 m thick complex composite dike which cuts the Durness lime-

stone, but is truncated by the BOG, was sampled in detail (Figure 

8-7). The 0180 gradient at the contact is approximately 20 per 

mil/m over a distance of about 0. 5 m. The fairly symmetric 

dist ribution of 0180 values across the dike suggests that this 

multiple dike occupies a major pre-BOG fracture which allowed 

easy access to the meteoric-hydrothermal fluids. Continued 
18 fracturing and magma injection led to strong 0 depletion of 

the main part of the dike (o 18oR ~ +1), but interaction between 

the margins of the dike and the isotopically heavy Durness 

limestone contact rocks increased the o18o values near the 
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contact to about +4 or +5. There is also a possibility, how

ever, that these basaltic dikes may have originally been in

truded, at least in part, as low- 18o magmas. 

8.6 Mesozoic sediments 

The Mesozoic sedimentary rocks have been variously af-

fected by the Tertiary plutonic centers of Skye. Similar to 

the relationship shown by the Torridonian, there is an excel-
18 lent correlation between o OR of the Jurassic shales and 

their proximity to the nearest major intrusion (Figure 8-8). 

The o18oR of the shales vary from +12.4 to -0.6. These iso

topic effects extend outward at least 1.3 km from the intru -

sive contacts, if we assume these shales originally had normal 

o18o values of about +14 to +19 (Silverman, 1951; Taylor and 

Epstein, l962b; Savin and Epstein, 1970}. Thus some of these 

sha l e samples probably have been lowered in 180 by more than 

14 per mil. 

The light-colored Middle Jurassic sandstones of Skye 

(Morton, 1965) have exceedingly uni.form oxygen isotope ratios, 

typical of sedimentary sandstones elsewhere in the world (Savin 

and Epstein, 1970). Three sandstone samples from the Strathaird 

Peninsula have o18o
0 

= +11.3, +11 .6 and +12.0 (see Figure 8-5), 

while another has o18oR = +13 . 0. A sample collected from the 

contact of the Rudh an Eireannaich (R an E) sill near Broad

ford has o18o = +10.0; its o18o value may have been lowered Q 
by the Ran E sill. 
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The carbonates of the Great Estuarine Series (Hudson, 

1962)have been the subject of a stable isotope study by Tan 

(1969). While the majority of the carbonates have 'normal 

o18o values of +25 to +30, those in the vicinity of the 

Tertiary igneous intrusions show s ignificant 18o-depletion. 

For example, t he calcites from limestone, marlstone, and cal-

careous shale on the shore north of Elgol on Strathaird Penin-
18 18 sula have o 0 = +22.5 to +12.3, whereas 6 Odol varies from 

+27.8 to +1 8 .5 (Tan, 1969; Tan and Hudson, 1971). These values 

are with respect to SMOW, and have been recalculated from 

Tan's data which are given in terms of PDB. 

Isotopic effects similar to those found by Tan and Hudson 

were also foun d in the present study (Table 8-1). In parti

cular, SK-151 has a18oct = +5.7, and is the most 180-depleted 

Mesozoic carbonate yet analyzed from Skye . It was collected 

5 em from the contac t with the overlying Eocene basalts, and 

is only 0.25 km from the contact of the gabbro pluton in the 

Blaven Range. 18 Note that this sample is also more 0-depleted 

than any of the regionally metamorphosed marbles of Sheppard 

and Schwarcz ( 1970) or contact metamorphosed marbles described 

by Shieh and Tay lor (1969b). 

In general, the minor intrusive bodies that invade the 

Mesozoic sedimentary rocks are little affected by the inter-

action of heated meteoric groundwaters . In part, this is due 

to the fa ct that they are intrusions of small volume, and so 

the me teoric-hydrothermal effects that they produce are equally 
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small. Another reason is that the Mesozoic country rocks are 

not as permeable as the basalts . In fact, shales are notori

ously impermeable to ground water flow. All things considered, 

18 it is not surprising to have o OR= +7.9 (SK-24) for a gabbroic 

dike cutting shales, with the contact gabbro having o 18oR = +9.1 

( SK-25). Here is an apparent example of 18o-enrichment due to 

contamina tion or isotopic exchange with the country rock shales; 

simi lar effects in larger intrusions have beer. described by 

Turi and Taylor (1971a, b) and Shieh and Taylor (1969a). Note 

also the near-normal o 18o values of the dikes and composite 

sill near Rudha Suisnish (SK-19, 20, 22), Elgol (SKY - 28), and 

those further north (SK-200; 232). 

Not all of the minor intrusions are as little affected. 

Samples from a composite sill south of Broadford (SK - 28 and 29) 

have o 18 oR = - 0 . 6 and -1.0 respectively. A dike north of 

Strollamus has o18oR = +0. 1, while five samples from the Ran 

E sill range from +0.1 to +1.4 and average +1.3 (Taylor and 

Forester, 1971). A l m-thick dike that cuts the Ran E sill 

(Buist , 1959) has o 18oR = +1. 1 (SK-258). Hence, although most 

of the 18o depletion has taken place where basaltic lavas are 

the dominant country rocks, near the central intrusions the less 

permeable Mesozoic rocks also were strongly affected by the 

circulative hydrothermal systems in the early Tertiary. 

The only Triassic rock analyzed is a quartzite fragment 

from a conglomerate (SK-201) with o18o = +10.9. This value is 

compatible with the suggestion based on geologic observations 
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that the majority of fragments in this Triassic conglomerate 

were derived from the Torridonian (Richey, 1961). 

8.7 Basaltic country rocks and di kes 

All sample localities representing basalts, vent agglomer

ates, tuffs, and those basaltic dikes that are pre-Red Hills in 

age are plotted in Figure 8-9. The o18o contours in this fig

ure are based on whole-rock o18o value s measured on 111 sam-

ples of these rock types. The reaso n that the late -s tage 

basaltic dike rocks which cut the Red Hills granites are excluded 

is that we want to monitor the isotopic effects produced by hy

drothermal act ivity at the times of major plutonic activity. 

As discussed in Section 8.2, some very late stage igneous events 

occurred after cessati on of the major hydrothermal systems asso

ciated with the main plutonic masses. Thus in Figure 8-9 we 

are comparing rocks of similar mineralogy and grain size with 

respect to the major Eocene episode(s) of hydroth ermal altera-

tion. 

Normal, fresh, unaltered basaltic rocks have o18o values 

that typically fall in the range +5.5 t o +6.5 ( Ta y lor, 1968; 

Anderson et ~·, 1971; Garlick, 1966). Thus all the sample 

points that lie above (outside) the o = +5 conto ur on Figure 

8- 9 have essentially 'normal 1 o18o va lues. All these 'normal 1 

samples were collected well away from the central intrusive 

complexes. The o18oR values are extremely systematic, de

creasing inward toward the center of the plutonic complex . 
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18 Contours of whole-rock a 0 values for pre-Red 
Hills basalts, basaltic dikes, and agglomerates. 

18 o 0 contours at +5, +3.5, +2, -3, and -5 are 
based on 111 data points. The black dots are 
sample localities. The area within the +5 con
tour is approximately 500 km 2 . 
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The sa mples i ns i de the o = -5 con tour must all have been de

pleted in 18o by at least 10 per mil . 

This radial inward depleti on in 18o is undoubtedly caused 

in part by increasing temperatures towards the intrusive cen-

ters. Therefore, although it is an oversimplification, it i s 

instructive to consider th e following model. Let us assume 

t hat the W/ R ratio was constant throughout the area of Figure 

8-9 during hydrothermal activity, with a uniform value of 1.5 . 

Assuming o ~ = oF(An
50

), and utilizing the 18o fractionation 

curve between feldspar and water (0 1 Neil and Taylor, 1967}, 

temperatures can be as s igned to each of the o18o contours (Table 

8 - 3) . Thus for sample s within the o = -5 contour we obtain T > 

650 ° C; T ~ 200-300 ° C at the margins of the plutonic complex; 

and T < 85 ° C for the basalts outside of the o = +5 contour. 

Notice for three different W/R ratios i ndi cated in Table 8-3, 

the calculated temperatures are not strongly dependent on the 

W/ R ratio in the region where o18 oR > 0. For example, at of= R 
+3 , the calculated temperatures are 130 ° , 120° and 115 ° , re -

spectively, for W/R ratios of 1 .0, 1.5 and 2 . 0. The hypothet

ical temperature gradients range from about 35 °C/km to 350 ° C/ 

km and average approximately 70 ° C/km. 

As pointed out by Taylor and Fo r ester (1971) and Taylor 

(1971), there are two reasons why the outer basalts would not 

be drastically altered from their ori ginal pri mary values: ( 1 ) 

the meteoric waters coincidentally have a pp ro xi matel y o18o val ue s 

required for isotopic equilibrium between An 50 plagioclase 
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Table 8-3 

Calculated temperatures* of oxygen isotope exchange between 

H20 and basaltic country rocks and dikes, assuming constant 
water/rock ratios 

Temperature, oc 

of 
R ~~I R = 1.0 W/R = 1 . 5 W/R = 2.0 

+6 70 ° 70 ° 70 ° 
+5 85 ° 85 ° 85 ° 
+4 105° 100° 100° 
+3 130° 120° 115° 
+2 160 ° 145° 135° 

0 240 ° 200° 180° 
-3 565° 360° 295 ° 
-4 980 ° 470° 360° 

-5 "" 655 ° 450 ° 
-6 "" 1130° 595 ° 
-7 "" "" 895 ° 

* Assuming oRf = o utiliz ing the following equation: F(An 50 )• 

w = 
+6.6 - of 

R 

R 0 ~ - l~ - 12] 

i i wher e +6.5 = oR' -1 2 = ow (see Section 8.2), and 

~ = 2.53 (10 6 T- 2 ) - 3.61; Tis in °K (O'Neil and Taylor, 

196 7) 



246 

( o18 oF ~ +6.5) and water at l ow temperatures, and (2) because 

of the low temperatures prevailing at distances well away from 

the heat source ( intrusive), t he water-rock interactions would 

involve much lower isotopic exchange rates. 

Our assumption of a constant W/R va l ue is obviously not 

entirely realistic. The W/R value probab l y increases as we 

approach the margins of the intrusives, because the flow of 

water is radially inward, and the rock voluMe decreases radially 

inward as the square of the distance (assuming cylindrical geo -

metry). Thus, if W/R = 0 .1 at a distance of 10 km fro m the 

intrusive center, at l km the W/R would be 10 . Incr ease of the 

W/R ratios in the vicinity of the heat source is also evident 

from the flow pattern analyses of Wooding (1957) and Elder 

(1965; 1967), and from measurements in modern geothermal sys

tems. On the other hand, the isotopic composition of the 

water a lso changes as isotopic exchange takes place between 

the water and the mineral phases in the rocks through which it 

passes. This process acts i n a direction that counterbalances 

that of underestimating the W/R ratios, thus partially correcting 

the inherent errors in our simplified model . 

Water/rock ratios 

Figure 8-10 is a 6: vs W/R diagram constructed for basaltic 

rock types (An
50 

plagioclase; see Section 6. ll for details). 

In the li ght of the considerations dealt with in Section 8 . 2 , 

it i s not necessary to consider 6 ~ < -12. 
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Figure 8-10 . s18o vs W/R diagram for basaltic and gabbroic 
rocks from northwest Scotland. Calculated curves 
based on o ~ = +6.5 for system behavinq as An 50 
plagioclase. Although not plotted in the diagram, 
it should be noted that the 300° C isotherm for 
oHig = -9 coincides very clos ely to that of the 

2 . 
500 Cline :or oH1 0 = -6 ; similarly, the 300° C 

line for oH1 0 = -f2 corre:ponds almost exactly to 

the 500° C i~otherm for 6H1 0 = -9. 
2 
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Basalts SK-223 ( a 18o = -7 .0) and SK-518 ( a 18o = -7. 1) are 
18 the most a -d epleted whole-rock samples analyzed from Skye. 

Reference to Figure 8-10 indicates that it is impossible to 

explain these 180 values with oHiO > -6. Even for oHiO = -9, 
2 2 

extremely high W/R ratios (>> 10) are required for temperatures 

lower than about 500 ° C. All basaltic whole-rock samples with 

o18o ~ -3 require minimum W/R ratios of at least 1. The data 

fro m the Tertiary volcanic rocks of Skye thus req uire that a 

wide range of water-rock ratios, from essentially zero up to 

value s greater than 2 or 3, are needed to characterize this 

prov i nce. The average estimated water/rock ratio for these 

hydr othermally altered basalts is at least 0.5. 

The a = +5 contour represents the approximate outermost 

limit of meteoric-hydrothermal alteration in sou thern Skye. 

Essentially ill the rocks wi.thin this area {-v500 km 2 ) are sig

nificantly depleted in 18o. If the effects originally extended 

over a vertical distance of about 3 km (see Figure 4-5), this 

implies that some 1500 km 3 of rock have undergone appreciable 
180-depletion, and therefore an approximately equal volume · of 

water ha s passed through the roc ks. This is an enormou s amount 

of water, but can easily be accounted for by normal amounts of 

rainfall. For ex ample, with a catch basin area of 2000 km2 and 

a s suming that only 10% of an annual rainfall of 75 em is added 

to t he dee p circulation system, it would require 104 y. to sup

pl y th e nee ded amou nt s of H20. It is certain that the intrusive 

igneous activity at Skye extended over a much longer period than 
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this. Beckinsale (1974), for examp le, suggested that the igneous 

activity in Mull lasted for about 10 m.y. Therefore even though 

large amounts of rock have been affected and large amounts of 

H20 are necessary, the quantities are well within reason. 

The problem remains, then,to account for the quantities 

of heat energy necessary to drive the -convection system. If 

the hydrothermally altered rocks have been produced by an aver

age rise in temperature of the basaltic country rocks from 

about 50°C to 300 ° C, then with a specific heat of 0.26 cal/gm/ 

°C , 65 cal/gm of heat must be added to this alteration zone. 

With W/R ~ 0.6, 0.33 gm of H2o must be heated along with every 

gm of rock, demanding an additional 85 cal/gm. Thus the hydro

thermally altered country rocks require approximately 150 cal/ 

gm. Now consider a silicate melt crystallizing and cooling 

from 1000° to 300 ° C. The maximum heat that can be liberated 

in this exothermic process, including the latent heat of crys-

tallization, is about 280 cal/gm. Exothermic hydration re

actions (see Section 4.2) may account for an additional 35 cal/ 

gm. Thus a cylindrical stock of magma only contains enough 

energy to produce a hydrothermally altered aureole about 0.7 

stock diameters wide (see Taylor, 1971; 1974b). This calculated 

value is very close to what is actually observed in Skye (Figure 

8-9). Note that Bott and Tuson (1973) have interpreted their 

gravity survey as indicating that about 3500 km 3 of material 

(p = 3.01 g cm- 3 ) underlie the plutonic centers of Skye to a 

depth of about 14 km. 
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8.8 Cuillin gabbro complex 

General statement 

All the o18o values for the Cuillin rocks are presented 

in Table 8-1; the oxygen isotope data on coexisting minerals 

in~ the gabbroic rocks from Skye are plotted on Figure 8-11. 

On the basis of a few analyzed specimens from the Cuillin 

Hills, Taylor and Forester (1971) suggested that the o18o values 

increase as one moves toward the interior of the complex. The 

present study subst antiates that preliminary conclusion (see 

Figures 8-12 and 8-13). The new data, however, make it clear 

that the entire Cuillin layered complex, as well as the dike 

rocks which cut it~are abnormally low in 180. The general in

ward enrichment in 18o in the complex is presumably a result 

of the fact that the interior samples are (1) a progressively 

greater distance away from the contact with the permeable pla

teau basalts through which the meteoric ground waters migrated, 

and (2) a progressively greater distance away from the later 

intr usive bodies (i.e. the Western Red Hills granites and ex-

plosion vents, which set up their own meteor ic-hydrothermal 

convective sy stems). The effects of these later events are 

superimposed upon the Cuillin gabbros, which were the country 

rocks into which the granites were intruded (see below). 

Plag ioclase 

Plagioclase feldspar o18o values range from +2.5 to -7.1 

(29 samples; see Table 8-1). The o18oF values are plotted and 
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18 o 0 analyses of coexisting minerals from all 
gab broic rocks of Skye, Scotland, arranged in 
order of decreasing o18oF. Also shown are the 

18o values for coexisting minerals in a hypo
thetical original gabbro with a 'normal' (i . e. 
unexchanged) 18o; 16o ratio, as well as the o18o· 
values of minerals that would have crystallized 
from a hypothetical low- 18o gabbroi c melt that 
may have existed in the Skye area (s ee text). 
Sampl es with prefix SKY are fro m Taylor and 
Forester (1971); mg =medium grained; vcg = 
very coarse gra ined; all samples are from the 
Cuillin Hills except SK-51, which is from the 
Bro adford gabbro. 
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contoured on Figure 8-12. Where several plagioclase separates 

of differing magnet ic susceptibility were analyzed, the 

weighted average wa s used (see Chapter 3); thus only 23 anal-

yses are plotted on Figure 8-12. All samples falling within 

the central contour have o18oF > 0. The most pertinent fea 

tures shown in Figure 8-12 are the following: (1) the mo st 

positive o18oF values define an ovoid central core in the 

Cuillin complex, in the vicinity of Loch Coruisk; (2) the 

most 18o-depleted plagioclases are in close proximity to 

either the earlier plateau basalts or to the later granites 

and the volcanic vent, and (3) the o18oF contours cut across 

the various primary igneous stratigraphic units of the Cuillin 

layered series. 

We would a priori predict on the basis of the meteoric 

hydrothermal model that, for the intrusion of an epizonal 

pluton into basaltic country rocks, the least affected rocks 

would be those in the core region of the intrusion; o18 oH 0 2 
would tend to increase as water-rock interaction and isotopic 

exchange went on, and thus the initial isotopic contrast be-

tween the water and rock would diminish both with time and 

with distance of penetration into the centra l core of the 

intrusion. The distribution of 18o contours was originally 

probably fairly symmetric just after emplacement and cooling 

of the Cuillin complex. The pattern was then modified by later 

periods of oxygen isotope exchange that occurred during and 

just after intrusion of the vent agglomerate and Western Red 
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Hills granitic complex; this produced the final pattern shown 

on Figure 8- 12. Note that the a18oF = -4 contour closely paral-

l e 1 s the contacts between the gabbros and the ~!estern Red 

Hi 11 s granites and explosion breccias (Figure 8-11) . 

The fact that the 180 o F contours cut across the primary 

igneous structura l subdivisions (and cryptic compositional 

variations of the minerals) in the Cuillins gabbros indicates 

that these o18o variations were largely imposed subsequent to 

crystallization. Thus it is clea r from the plagioclase data 

alone that this mineral has been exchanged in the solid state 

throughout a major part of the Cuillin layered intrusion. As 

pointed out below, some 18o exchange could ha ve occurred wit h 

the gabbroic melt i t self, but stringent limitations can be 
18 placed on the maximum amount of 0 exchange that could have 

taken place prior to crystallization of the silicate liquid. 

It is clear from th e 18o data on coexisting plagioclase and 

pyroxene that subsolidus exchange of oxygen isotopes was dom

inant. Normal 6F-P values from gabbroic rocks are about +1.0 

(e.g. Taylor, 1968). In the Cuillin gabbros these 6-values are 

invariably negative . Thus a l l of the plagioclases must have 

been lowered in 18o to some extent in the solid state. Some 

of the plagioclases have been lowered to a remarkable degree, 

by 13 to 14 per mil . As in prior studies, it is clear from the 

data presented in Figure 8-11 that of the several minerals in 

the gabbros, feldspar is by far the most susceptible to oxygen 

isotope exchange. There is no correlation between grain size 
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and o18o for the plagioclase. In fact, several samples exhibit -

ing a wide variation in grain size were collected at locality 

SK-212; the medium-grained plagioclase turned out to have a 

slightly more 'normal' o18o (-1 .4) than the plagioclase of the 

pegmatitic gabbro (o 18 oF = -3.0). The same grain-size rela

tionship holds for the o18o of the coexisting pyroxene (see 

Figure 8-11 ). A reasonable explanation for this is that the 

pegmatitic gabbro is probably a recrystallized rock forme d by 

interaction with a high - temperature aqueous solution. The 

recrystallization may have occurred simultaneously with oxy -

gen isotope exchange in the presence of the meteoric-hydro

thermal fluid phase , and thus the coarser - grain size may have 

been produced by the meteoric-hydrothermal activity. 

Four different plagioclase separates were analyzed from 

SK- 219 (average o18oF = -6.5). In order of increasi ng magne

tic susceptib i lity, the o18 oF values are -6.3, - 6 . 7, -6.9, and 

-7. 1 , respectively. The 180 variation is outside analytical 

error. Each magnetic separate gave identical oxygen yields 

consistent with the mi neral separate being pure calcic plagio -

c l ase , although the more magnetic samples do contain more of 

the dust - like, opaque i nclusions (presumably magnetite) . The 

heterogeneous oxygen isotope distribution in the SK - 219 plagio -

clase is yet another indication of isotopic disequilibrium and 

subsolidus exchange. It is interesting that the lowest - 18o 

plagioclase contains the greatest abundance of opaque inclu -

sions, suggesting that the dusty, cloudy appearance of the 
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plagioclase was itself produced by subsolidus hydrothermal 

exchange. These same conclusions apply to SK-226, where 

two different magnetic separates of plagioclase have o18o = 

-4.8 and -5.6. 
18 The most a-depleted plagioclase samples should most 

closely approach the isotopic composition of the original, 

unexchanged meteoric ground waters, because at equilibrium 

6F-H 0 is positive at all temperatures below about 600 ° C 
2 

(O'Ne il and Taylor, 1967). It has already been demonstrated 

from the hydrogen isotope date (Section 

about -1 2, but the 180 data from SK-219 

8.2) that oHiO was 
2 

demonstrate indepen-
i dently that oH 0 must have been lo\'Jer than -7. In fact, 

. 2 
1 6H 0 surely was much lower than -7, because of the typical 
2 

positive ' 18o shift' shown by all geothermal waters, and be-

cause it otherwise requires almost an infinite amount of water 

t o explain the low o18o values of some of the Cuillin plagio

clases (see Figure 8-10). Even today, Skye does not receive 

this amount of rain, although there are many Scots who would 

refute this. To reasonably explain o18oF values as low as -7.1 
i with a oH 0 value of -12 would require that W/R > 2.3 at temper-
2 

atures of 700 ° C or lower (refer to Figure 8-10). i If oH O = -9, 
2 

the W/R > 4.8 for all temperatures lower than 700 °C, and W/R > 

10 . 0 for all temperatures lower than 500 ° C. The range of W/R 

values necessary to explain the Cuillin plagioclases, utilizing 
i 0 the most probably correct value of oW = -12 and T ~ 700 C, is 

W/R ~ 0.3 to 5.0. At temperatures significantly lower than 

700 ° C, muc h larger W/R values would be required. 
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Pyroxene 

The o18op values are plotted and contoured in Figure 8-13. 

Fewer data are available than for plagioclase, so the overall 

shapes and trends of the contours in Figure 8-13 was drawn with 

some artistic license to roughly conform with the ones shown 

in Figure 8-12. Nonetheless it is clear that there is an in

ward increase in o18op in the gabbro body even though the o18o 

variation for pyroxene is not nearly as large as for plagioclase 

(only from +3.2 to -0.5). The pertinent features of Figure 

8-13 are exactly those of Figure 8-12: (1) a central core con

tains the highest 18ot 16 o ratios, (2) the lowest 18ot 16o ratios 

are found close to the original margins of the Cuillin complex 

or to contacts with younger rock units, and (3) the o18op con

tours clearly transect the stratigraphic subdivisions in the 

igneous layering shown by the Cuillin gabbros. Note that 

amphibolitization of the pyroxenes is only apparent near the 

Western Red Hills contact and coincides with the very low o18oF 

values . 

The fact that a similar pattern of o18o values holds for 

the pyroxenes as well as the plagioclases indicates that the 

same basic processes affected both of these minerals. The fact 

that the variation in o18op is smaller than the variation of 

o18oF reaffirms and supports our earlier contention that plagio

clase is more susceptible to oxygen isotope exchange than py

roxene. If the original igneous plagioclase had o18oF = +6.5 

in the Cuillin gabbro, then we would expect the original pyroxene 
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to have 6
18

op = +5.5 (see Figure 8-11 ). Inasmuch as the typical 

Cuillin pyroxenes now have o18o ~ +3, and if we assume that the 

Cuillin complex was derived from an isotopically homogenous 

magma, the maximum amount of 18o lowering that could have oc-

curred ~the melt was about 2 . 5 per mil. 

Plagioclase-pyroxene fractionations 

Combining the data of Figures 8-12 and 8-13, we obtain 

6F-P values contoured in Figure 8-14. The pattern is, by 

necessity, similar to that of Figures 8-12 and 8-13, with the 

most 'normal' fractionations concentrated in a core region in 

the Cuillin gabbro. Normal 6F-P values for gabbroic rocks are 

about +1.0 (see Figure 8-11), but all of the Cuillin 6F-P 

values are negative. Some values are as low as -6 .9, empha-

sizing that the pyroxene is much less susceptible to oxygen 

isotope exchange than the plagioclase. It has never before 

been ~hown that an entire intrusion has a 6-value reversed 

fro m the normal equilibrium fractionations, but nowhere in the 

entire Cuillin complex do you find plagioclase heavier in 18o 
than the coexisting pyroxene. This is in marked contrast to 

the situation at Stony Mountain, Colorado and is largely the 

result of the longer and vastly more complex history of hydro

thermal activity at Skye, as well as because of the larger W/R 

ratios. 
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Magnetite 

Magnetite is an uncommon phase in the Cuillin layered 

series . It occurs as a cumulus phase in Zones I and III of 

the Eucrite Series, but is most abundant in the Gabbro Series 

(Figure 7-4). The only analyzed magnetite is from the latter 

horizon, where 1 mm grains of cumulus magnetite make up about 

20% of the gabbro (SK-21 7; Plate 8-lb) . Compared to other 

plagioclase-pyro xene-magnetite assemblages in gabbroic igneous 

rocks (Taylor, 1968), the plagioclase has been lowered in o18o 

by 10 . 7 per mil, the pyroxene by 2.7 per mil, and the magnetite 

by approx i mately 3.4 per mil (Figure 8-11). We would conclude 

from this sample alone that magnetite shows about the same 

susceptibility to oxygen isotope exchange as pyroxe~e, because 

the pyroxene and magnetite grains in this rock are about equal 

in size. From o18o values of coexisting phases from the Stony 

Mountain, Colorado, it was also suggested that pyroxene and 

magnetite had similar susceptibilities to oxygen isotope ex

cha nge . However, this was qualified by the fact that the mag

net it e of the Stony Mount a in complex was of several origins, 

and may no t ne cessarily repre s ent single-stage isotopic exchange 

fro m its pr imary value. The magnetite of SK-217 demonstrates 

that, at t he very ma ximum, we can only have had about a 3.4 

per mil o18o lowering in the silicate melt from which SK-217 

crystallized. 
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Olivine 
• J 

The main mass of layered peridotites and dunites in the 

Cuillin Hills is represented by the ultramafic rocks of Sgurr 

Dugh (Weedon, 1965) . After solidification, these ultramaf i c 

cu mu lates were invaded by a tholeiitic gabbro magma and were 

broken into blocks which were deposited along with the eucrit e 

cumulates. One of these dunite blo cks, SK-270 ·(Plate7 - 3) , is 

composed of fresh, unserpentinized olivine (Fo 87 , We edon, 

1965) with minor chro~e-spinel. Apart from the zones where 

this rock has undergone granulation and crushing, the minerals 

are remarkably well preserved, and secondary alteration pro 

ducts are rare. The olivine in SK-270 has a 6
18o = +2 . 4. 

Inasmuch as olivines in typical basalts and dunites have re

latively constant o18o01 z +5.0 (Reuter~~-, 1965; Taylor 

and Epstein, l962b; Anderson et ~-, 1971 ), SK-270 has been 

depleted in 18 0 by about 2.6 per mi l, and the olivine of SK-260 

has been lowered by about 3.7 per mi l. The SK - 270 data indicate 

that no more than about a 2.6 per mil lowering of the pr istine 

6
18o value of the Cuillin magma could have taken place . Note 

that in SK - 260, the plagioclase has undergone considerably 

more 18o-depletion (6. 1 per mil) than the coexisting olivine , 

while the pyroxene has experienced only a slightly larger de

pletion (4 . 8 per mil) than the olivin e . Because o f the coarser 

grain size of the olivine (Table 8-1 ) this suggests that ol i-

vine probably has about the same resistance to oxygen isotope 

exchange as pyroxene. 
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Summary 

It thus appears that if a homogeneous, low- 18o Cuillin 

magma ever existed, the 18o data on pyroxene, olivine and mag

netite from a wide variety of Cuillin rocks all indicate approx-

. t 1 th t f . 18o 1 . f thi 1ma e y e same amoun o max1mum o ower1ng or s 

silicate melt. These numbers are 2.3, 2.6, and 3.4 per mil, 

respectively. These similarities, as well as the striking 

uniformity of the o18o values, suggest that the Cuillin gab-P 

broic magma may indeed have been a low- 18o melt, depleted by 

about 2 to 3 per mil relative to 'normal' basalts (see Assumed 

Low- 18o Gabbroic Melt in Figure 8-11). It is, of course, 

possible that the entire o18o depletion in the Cuil1in olivines 

and pyroxenes occurred after crystallization at subsolidus 

temperatures. Inasmuch as olivine is well preserved almost 

everywhere in the layered Cuillin intrusion, this would imply 

that all of the 18o exchange must have taken place at tempera

tures above the stability field of serpentine (i.e. above ap

proximately 500 ° C (Tuttle and Bowen, 1949). It also would 

imply that after the high-temperature exchange had occurred, 

the olivine-bearing rocks must all have become isolated from 

any further interaction with the meteoric-hydrothermal fluids. 

There is no obvious reason why this should have happened, and 

it thus seems more reasonable that o18o01 in the Cuillin gab

bros represent primary igneous values. Note that Muehlenbachs 

~ ~ (1974) have reported that some fresh Icelandic basalts 

have 18o depletions up to 3.8 per mil. 
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An interesting point should be considered in regard to the 

depth of circulation of the hydrothermal fluids . The strati

graphic thickness of the Cuillin layered intrusion (ignoring 

the outer gabbros) is at least 5 km (Wager and Brown, Chap. 

XV, Fig. 224). Because of the evidence for faulting, arcuate 

fracturing and magma chamber collapse, the laye red gabbros have 

a somewhat complex structure. Let us, however, assume that the 

gabbro layering was essentially sub-horizontal directly fol

lowing crystallization. The amount of cover above the layered 

complex can then be estimated from the data of Brown (1963) on 

the Coire Uaigneich granophyre. This granophyre was emplaced 

dire ct ly after the Cuillins intrusion, and Brown (1963) con

cluded that the overlying plateau basalts at the time were 

about 1 km thick. Hence, it is suggested that large quantities 

of convecting met eoric ground waters reached depths on the 

order of at least 6 km. This depth fs comparable to the sug

gested depths of meteoric -hydrothermal alteration at the 

Skaergaard intrusion (Taylor and Forester, 1974), in the 

Western Cascades (Taylor, 1971, Figure 9) and at Wairakei, 

New Zealand (see Figures 4-3 and 4-4, Chapter 4). 

8.9 Broadford gabbro 

The age rela tionship of the Broadford gabbro with respect 

to other intrusions in southern Skye is not well known, except 

that it is definitely older than the AFG (Stewart, 1965). The 

gabbro is olivine-free, and commonly shows signs of shearing 
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and fragmentation with the development of actinolite and 

chlorite as alteration minerals. The Creag Strollamus area 

in which the Broadford gabbro occurs is one of extreme struc-

tural and petrographic complexity. As pointed out by King 

(1953) this area "represents in mi niature all the formational 

and structural e lements of the plutonic region of Skye". 

The o18 oR values of the gabbros have been lowered by 

almost 10 per mil (Table 8- 1) . Actinolitic amphibole after 
18 pyroxene has 0 0 = -1 .9 , while coexisting plagioclase has 

o18o = -3.5 (Figure 8-11), agai n confirming that feldspars are 

the most susceptible to oxygen isotope exchange. Note that 

all of the Cuillin gabbros show much less mineralogical evi

dence of hydrothermal alteration than those at Broadford . 

The Broadford gabbro has apparently suffered oxygen isotopic 

exchange down to much lower temperatures than did the Cuillin 

gabbros. The former typically has abundant uralite, while the 

latter underwent partia l amphibolitization of the pyroxenes 

only in those roc ks adjacent to the Western Red Hills granites. 

The reason for this difference probably lies in the fact that 

the Broadford gabbro is close to, and has been affected by the 

many granitic intru sions of Eastern Red Hills. whereas the 

Cuillin complex in general is relatively far removed from the 

subsequent intrusive plutonic centers. 

As discussed previously, the basaltic and Torridonian 

country rocks are also highly depleted in 18o in the Broadford 

area. One of the most striking characteristics of the l ow- 18o 
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rocks in the Creag Strollamus area is their highly veined, 

fractured, faulted and fragmented nature. There is little 

doubt that this mechanical disaggregation, and the lengthy 

and complex plutonic igneous activity in this area were re

sponsible for the low 18o; 16o ratios exhibited by these rocks. 

8.10 Coire Uaigneich granophyre 

The age of the Caire Uaigneich granophyre is pre-Red Hills 

granites but post-Cuillin gabbros. It forms a narrow strip 

of outcrops between the Blaven Range and the basalts, and its 

relative age was established by recognizing that the cone 

sheets that cut the Cuillin complex but not the Red Hills gran

ites also intrude this granophyric mass (Richey, 1932) . This 

rock is unusual among the granophyres at Skye in that (a) it 

is hypersthene-bearing, (b) inverted tridymite crystals are 

present, indicating a Tmelt ~ 900 °C, (c) it has a very high 

normative quartz content (39.87 %; see Table 7-1), similar to 

that of the Torridonian arkose of Skye, and (d) its Rb-Sr 

'isochron' demonstrates it has not had a simple closed-system 

evolution (Long, 1964). Wager!! !l (1953) suggested, and 

Brown (1963) provided experimental evidence, that this grano

phyre may well be a melting product of the Torridonian sand-

stone. 

18 The CUG has an average whole-rock o 0 = -1. Modifying 

the basic model of Brown (1963), let us assume that the Torri-

donian in contact with the Cuillin intrusion is partially 
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Plate 8-la. Stony Mountain gabbro, SM-101. Clear to dusty 
plagioclase ( o18o = +5.2), fresh biotite (center 
of photograph, o18o = +5.5) and pyroxene ( o18o = 
+5.5), magnetite ( o18o = +2.0), and apatite. 
Width of field = 2.5 mm. Plane polarized light. 

Plate 8-lb. Cuillin gabbro, SK-217. Well laminated rock, 
with fairly clear plagioclase (o 18o = -4 .2), 
cracked and veined by chlorite; clinopyroxene 
( o18o = +2.7) is very fresh except for some dusty 
magnetite along cracks; and magnetite ( o18o = 
-1.4) . Width of field= 2.5 mm. Plane polarized 
light. 

Plate 8~lc. Cuillin gabbro, SK-260. Well laminated rock, 
with fresh plagioclase ( o18o = +0.4) and very 
fresh clinopyroxene (o 18o = +0.7). Width of 
field = 2.5 m~. Plane polarized light . 
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Plate 8-2a. Southern Porphyritic Epigranite, SK-181. 
Phenocrysts of 8-morphology quartz ( o18o = 
-2.6) and turbid alkali feldspar {o 18o = -3.5) 
in a granophyric matrix. Note the cracked and 
dusty nature of the quartz. Width of field = 
2.5 mm. Plane polarized light. 

Plate 8-2b. Maol na Gainmhich Epigranite, SK-511B. Quartz 
( o18o = +5.2, center of photograph) contains 
trains of dust-like inclusions; alkali feldspar 
( o18o = -6.7) is cloudy to turbid, especially 
around the rims of some of the grains. Width of 
field = 2.5 mm. Plane polarized light. 

P 1 ate 8-2c . Beinn Dearg Mhor Epigranite, SK-128. Turbid 
alkali fe l dspar ( o18o = -6 . 0) surrounded by 

coarse granophyric intergrowths of turbid alkali 
feldspar and quartz. The quartz in the inter
growth is optically continuous. Width of field = 
2.5 mm. Plane polarized light. 
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melted in the presence of meteoric ground waters, at about 300 

bars PH 0 and 970°C (see Figure 3, Brown, 1963). This would 
2 

1 d b 2 % h lt U . i 1 i ea to a out wt H2o in t e me . s1ng ow = - 2, oR = 

+10.8 (e.g. Torridonian samples SK-534D;SK-203}, a mass balance 

calculation indicates o~ = +9.8. Hence only about l/12 of the 

observed 18o depletion of the CUG can be explained by direct 

influx of low- 18o H20 during the generation of the melt. The 

remaining 11 per mil of 18o depletion must have been produced 

either by later hydrothermal alteration, or else the CUG melt 

was formed by partial fusion of Torridonian sandstones that 

had already been lowered in 18o by 10 or 12 per mil prior to 

melting . If this happened, the CUG could well have been ori

ginally intruded as a low- 18o melt. Note that some Torridonian 

samples have been lowered even more than this (e .g. SK-63 in 

the Creag Strollamus area and SK-116 and SK-516A north of Meall 

Buidhe}. 18 If we assume that the CUG was a low- 0 magma, the 
18o data independently confirm Brown's model. Here is a pas-

sible example where meteoric waters were responsible for 9ener

ating a melt, because dry melting of a rock of this -normative 

composition requires an unrealisti ca lly high T ~ 1200° C (Brown, 

1 96 3}. 

8 . 11 Western Red Hills 

Of the nine arcuate intrusions of the Western Red Hills 

center (Figure 7-5), eight have been extensively sampled. The 

earlier granite intrusions in genera l have lower o18o values 
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(particu l ar ly in K felds par) than do the l ater intrusions. 

Quartz ranges from +6.4 to -2.7, and alkali feldspar varies 

fro m +2.6 to -6.7 (Table 8-1, and Figures 8 -1 and 8-1 5). The 

average ~ Q-K value is remarkably large, namely 6.9. 

The earliest of these granites, the MGE, exhibits a very 

restricted range of o18oK values (-4.9 to -6.7 ) and excep

tionally large nonequilibrium ~ Q-K values (see Figure 8-15). 

SK - 512c has the largest ~Q - K (12.0) reported in the -literature, 

and the average ~Q-K value for the MGE is 10 . 6. The GE also 

has extreme l y large ~ Q-K values (6 . 8 and 9.9) and 0
18 oR values 

as low as -5 . 9. The amphibole (has t ingsi te) of SK -1 24 has a 

6
18

o value (-5. 2) that is lower than that of the coexisting 

K-feldspar (-4 . 2) . In this respect this sample is sim i lar to 

the feldspar - amphibole pairs from Oregon (Taylor, 1971), but 

18 the amphibole from SK -1 24 is the most 0-depleted amph i bol e 

1 d t d t T t 1 f h have 6 180 ana yze o a e. wo quar z samp es rom t e BDME = 

+2. 0 and +4.0, with ~ Q - K values of 8.0 (SK- 128) and 5 . 6 (SK- 503) , 

respectively. 

The LAE was stud i ed in detail in order to test the varia -
18 18 bility of 6 OQand o OK within a single epigranite in trusion . 

The r a nge of o18o in the LAE was found to be similar to that 

found in other intrusions that have not been sampled so ex

tensively. The o18o values range from +1 . 7 to +4.8, while Q 
o18oK vary fro m -0 . 3 to -4.8. Note that the o18o

0
, 018 oK' and 

~ Q- K values of the euhedral minerals in the miarolitic cavi ties 

fall essentially within the same range of values as the host -
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Figure 8-15 . Plot of a18o values of coexisting minerals from 
the Western and Eastern Red Hills of Skye. Numbers 

are the 6Q -K values. Also shown are o18o analyses 
of miarolitic (m) and granophyric (g) minerals. 
The abbr eviati ons used for these granitic intru
s ions are the same as given in Table 8-1. 
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rock phases (Table 8-1; figure 8-15). Different samples of 

mi arolit ic quartz from cavities within the same hand specimen 

(SK -507) vary in o18o (+1 .7, +2.6 and +3.0). These cavities 

are prima facie evidence of the presence of a gas phase , and 

the 180 data and other mineralogical characteristics make it 

c lear that this gas phase was largely H20. Unfortunately, the 

same post-consolidation processes that have affected the host

rock minerals have also affected the miarolitic min erals, as 

ind i cated by the large bQ-K va l ues of the latter. 

Perhaps the most intr i guing 18ot 16o ratios are those of 

the SPE . Firstly, the SPE exhibits an exceptionally large 

spread in o18oQ from +5.2 to -2.6. Secondly, the s -morphology 

quartz of SK-1 81 has by far the lowest o18o value (-2.6) of 

any quartz yet anal yzed from the Red Hills. Thirdly, this 

same sample has a normal bQ-K = 0.9, approximately the expected 

equi li br ium value at magmatic temperatures. On the other hand, 

two other samples of the SPE hav e 6 ~-K values of 5 . 5 and 6.6. 

Both HF and F2 str ipping experiments wer e done on the SPE sam

ples in an attempt to better understand these provocat ive oxy

gen isotope an a lyses. These will be discussed in detail below . 

The SPF, a rock very similar to the SPE, has o18 oQ = +4.0. 

Moreover, it has a near-normal 6Q- K val~e of 1 . 4. The MS ex

hibits widely divergent 6Q-K value s (10.6 and 4.8), with the 

two qua rt z o18o values being very similar (+4 . 5 and +4.9). The 

o18oR values ex tend down as low as -6.0. 
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Four samples from the ME are remarkably similar isotopi-
18 cally. The o 0 of quartz varies from +6.4 to +5.9, while in 

feldspar the range is from +1.2 to -3.5. Note that the grano

phyric quartz in SK-117 is very similar in 18o to the coarser

grained equigranular quartz in the same hand specimen (+6.0 

vs +5.5). It is significant to note that in the Western Red 

Hills the rock unit that is cha racterized by greatest uniformity 

of o18o values of the mineral phases and has the highest o18o Q 

values is the last (youngest) intrusion, namely the ME. 

We will now apply the meteoric-hydrothermal convective 

model in an attempt to explain the first-order features shown 

by the isotopic data, namely the fact that much larger 18o 

depletions (particularly in feldspar) are seen in the earlier 

granites than in the later intrusions. Upon intrusion of each 

pluton, a hydrothermal convective system will be established 

or else an older, preexisting system will be modified. Oxygen 

isotopic exchange will take place in the nearby country rocks 

as we ll as in the fractured, now crystallized, cooling pluton. 

If after suffic ient cooling, a subsequent event further frac-

tures the country rocks, intrusion of another arcuate pluton 

may occur, and this will commonly be intr uded along an arc 

interior to the previou s pluton. This new pluton will also 

set up a meteoric water convective system and cause 18o de-

pletion of the surroun ding country rocks, including the earlier 
18 intrusive, as well as undergoing 0 exchange itself. Thus 

each pluton will set up its own convective hydrothermal system 
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that will affect all earlier (older) intrusions. Other things 

being equal, we would predict that according to this model, 

the older intrusives would be more affected (having experienced 

a numbe r of overlapping hydrothermal alteration events and 

hence more oxy gen isotope exchange) than the younger intrusions 

which have only experienced relatively few events. Another 

factor that may be important is that the older intrusions on 

the outside of the complex are directly adjacent to the vol-

canic country rocks, which in general are more permeab le to 

ground water movement than the later plutonic intrusions. 

Also, as time goes on, the meteoric-hydrothermal systems tend 

to be self-sealing because the older fractures (e.g. in the 

vol canic country rocks) will be filled with vein minerals that 

are deposited from the circulating solutions . All of these 

effects are cumulative and all indicate that the older, outer

most ring intrusions should show the greatest 18o depletions. 

Some of the variables that would affect this model are 

the following: (a) The closer a country rock sample is to the 

heat source, the higher the temperature of the exchange reac-

tion wi 11 be, and thus the more closely wi 11 it ref lect the 

value of 0H o· This wi 11 lead to greater 180 depletions. 
2 

Added to this i s the fact that the higher temperatures promote 

more rapid isotopic exchange. (b) The larger the volume of 

the intrusion (heat source), the greater will be the o18o 
change in a sample at a given distance away from the contact, 

other things being equal. This is because the hydrothermal 



280 

system will be larger and will persist for a longer time. 

(c) The susceptibility to oxygen isotope exchange will be de

pendent on min eralogy and gratn size. Quartz-rich rocks and 

coarser-grained rocks will in general be less affected. 

In order to make a semi-quantitative test of the above 

model, only o18 oK (actually 25 samples are K feldspar, and 

three are plagioclase ) has been used in the following calcu

lations . Alkali feldspar is the mineral most susceptib le to 

oxygen isotope exchange and would best monitor the exchange 

process . Most of these rocks are of essentially iden t ical 

mineralogy, as they are all granitic in composition and 

quartz and feldspar constitute about 90% of each roc k. Also, 

grain size does not vary substantially, and in any event as 

will be shown below, there is a general lack of correlation 

between o18oK and grain size (except for the BOG of the Eastern 

Red Hills; see Section 8.13). 

A function that will be a rough measure of th e oxygen 

isotope-distance relationships in our model is designated 

IS . . 
j J 

Thi s function is defined as being inver sely proportional 

to D, the distance (in km) from a given sample locality to the 

contact of the intrusive body that has produced the particular 

meteoric-hydrothermal system, and also it is defined as being 

directly proportional to the volume of the intrusion. Since 

thes e Red Hills intrusions apparently have near-vertical con

tacts, their respective outcrop areas will be an appropriate 

me as ure of their volumes. The ar ea function is taken to be the 
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fraction of the i nvading pluton's area with respect to the area 

of the whole granitic intrusive complex !! the time of intru-

sion. Thus the area fraction is a varying function of time, 

equal to 

r a. 
. l 
l ~ J 

where aj is the area of the particular (jth) intrusion pro-

ducing the meteoric-hydro thermal system, and r a. 
" < l 
1 - J 

denotes 

the cumulative area of all intrusions up to the time that the 

jth intrusion is emplaced. Thus, we define 

e . 
J 

1 = ""[):"" 
J ( 

a . .) ( in km- 1 ) 

-~·~ 
l ~ J 

For every alkali feldspar analyzed from a given pluton, a 

ej · value can be calculated for each subsequent intrusion; th i s 

is calculated by measuring the 'shortest distanceD (in km) from 

the sample to the intrusive contact. We can then sum all of 

these contributions from each intrusion, and obtain a function 

r e .. 
. J 

J 
The i sotopic exchange function re . is plotted against 

j J 
feldspar o18o in Figure 8-16. Except for one point, there is 

a fa i r1y good correlation between a18 oK and re ., indicating that 
j J 

to a first approximation, the model is a reasonable one. The 

only point falling well off the trend is a sample from the SPF 

(IGC-13). The probable reason why it has an anomalously 

high re . value (0.2) for a o 18 o~ = +2.6 is because IGC-13 is 
j J 
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very close (only ~ 80 m) to the MS and ME; the contribution 

of these intrusions to re. is thus inordinately large. The 
j J 

SPF has only been affected by the MS, ME, and GBME, the first 

two being of small volume and the last of which is very dis-

tant. In fact, the MS was probably intruded almost contempor

aneo usly with the SPF. Wager~~· (1965) point out that 

"the marscoite has the appearance of having been pushed into 

the SPF while the latter was still a viscous liquid". Also, 

the sample is located at the far edge of the Western Red Hills 

complex and therefore has only experienced the edge effects 

of the sinuous MS and arcuate ME intrusions, in spite of the 

fact that the full volumes of these intrusions are applied to 

the generation of the re. function. 
j J 

Let us now examine the oxygen isotopic data from the 

Western Red Hills in more detail. Figure 8-17 is a plot of 

o18 oQ in the eight intrusions vs their order of emplacement . 

Inasmuch as quartz is the most resistant rock-forming mineral 

to oxygen isotope exchange, its a18o value should best reflect 

the 18o; 16o ratio of the original magma from which it crystal

lized. If each intrusion had a homogeneous 18o; 16 o ratio when 

emplaced as a liquid, then the most positive o18oQ value would 

most closely reflect the isotopic composition of the primary 

igneous quartz prior to hydrothermal alteration. In Figure 

8-17 a line is drawn connecting the most 18o-rich quartz sam-

ples from each intrusion. 'Normal' granitic rocks of this type 

els ewhere in the world typically have o18oQ ~ +8.5 ± 0.5; this 

'normal' value is also indicated on this figure. 
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Figure 8-17 . o18oQ vs age of intrusion for the Western Red 

Hills, Skye. All individual o18 oQ analyses are 
shown for each intrusion, and a line joins the 

maximum o18oQ value for each sequence (see text). 
Normal epigranite quartz is assumed to have 

18 o OQ = +8.5. 
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Although the total effect is only about 3 per mil, the 

pattern that emerges from this plot is that 6
18o decreases Q 

with time during emplacement of the Early Epigranites, but 

appears to increase with decreasing age in the Later Intru

sions. These provocative trends mi ght concei vab l y be attri

buted to chance except that (a) the trends in both the Early 

Epigranites and the Later Intrusions are substantially mono

tonic functions of time and (b) the break in sign of the slope 

of the trend occurs, in time, between the Early Epigranites 

and the Later Intrusions, which is also a geol ogic al and petro

logical discontinuity. It is unlikely that both (a) and (b) 

can be attributed to coincidence and these trends therefore 

may be real and significant . This conclusion i s fur t her em

phasized by the fact that there is no correlation between grain 

size and o18 oQ in the Western Red Hills intrusions (see Figure 

8-18), possible suggesting that the major 6
18o lowering of 

the quartz is a primary igneous feature. 

How might we interpret the trends of Figure 8-17? As de-

scribed above in discussing our convective isotope exchange 

model, other things being equal, we would expect the older in

trusions to be more affected by the hydrothermal exchange than 

the younger intrusions. Thus, if all the granite magmas ori

ginally had similar 6
18o values, we might a priori expect a 

positive slope on this diagram, as is actually shown by the 

Later Intrusions. The most reasonable explanation why the 

Early Epigranites exhibit a negative slope is that these intru-
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sions, to differing degrees, represent emplacement of low- 18o 
magmas. 

18 Assuming that •normal• granite quartz has o 0 = +8.5, 

the maximum o18o lowering that the MGE, GE, BDME and LAE sili-

cate melts could have experienced relative to •normal• granite 

magmas is 2.2, 2.8, 4.5 and 3.7 per mil, respectively. A 

general o18o-lowering of the magmas with time might perhaps be 

expected if meteoric water continuously exchanged with a shal

low magmatic reservoir; the youngest magmas would be the most 

affected because they were exposed to exchange for the longest 

time. Also, if the melts were formed by partial melting of 

pre-existing rocks, as suggested by the Pb isotope data (see 

below), the younger magmas might be derived from rocks that 

had undergone progressively greater 180 depletion as the mete 

oric-hydrothermal activity built up to its maximum. Details 

f th ' bl h . th t . . t 1 18o lt o e poss1 e mec an1sms a may g1ve r1se o ow- me s 

have already been discussed in Section 6.12 and need not be 

re peated here. However, it should be emphasized that the 

Western Red Hills, characterized by multiple intrus io ns, re-

peated fracturing, and ring-dike emplacement, constitute an 

i deal geologic situation to al l ow long-continued access of 

meteoric ground waters to a magma chamber . The most li kely 

mechanisms to produce the types of low- 18o melts envisioned 

above would be (1) partial melting of the rocks overlying a 

magma chamber in the zone of meteoric -hydrothermal exchange, 

and assimilation processes involving direct melting, or (2) 
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18 direct exchange between the granitic melt and the 0-depleted 

country rock. Partial melting woul d be facilitated by the 

water-rich environment in the country rocks; any magma s pro

duced by partial melting in such terranes almost certainly must 
18 be low- 0 magmas . 

Note that if the Early Epigranites represent a sequence 

of magmatic differentiates from a common melt, we would ex -

pect to see some systematic chemical trends between these in -

trusions. These are not evident (see Table 7-1), which might 

suggest the following: (a) The oxygen isotope exchange proc

ess may have significantly altered the primary chemical 

compositions of the granophyric rocks. (b) An additional 

process has operated to modify both the elemental and isotopic 

chemistry of the granitic rocks, such as assimilation of low-

18o, hydrothermally altered country rocks. Alternatively, and 

perhaps more likely, these intrusions may represent partial 

melting products of the underlying basement gneiss. If the 

granitic rocks are indeed products of partially melted, in -

homogeneous Lewisian gneiss, then we would not expect a con 

tinuous variation in major element chemistry between the 

Early Epigranites, especially if differing amounts of partial 

melting occurred. 

Applying an approach similar to that used on the Stony 

Mountain inner diorite, we can calculate the amount of 18 o 

depletion involved in melting the Lewisian basement. If 

melting occurs at a depth of about 7 km with the fluid in 
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hydrostatic equilibrium, the maximum solubility of H20 in a 

granitic melt would be about 3.5 wt % (Burnham and Jahns, 

1962; Hamilton~~·, 1964). Using o18o = +6.7 for the 

Lewisian (see Table 8-1), oH iO= -12 and oHfO = o ~, the final 
18 2 2 

melt would have a o 0 = +5.5. Quartz crystallizing from 

the melt would have a o18o = +6.5- i.e. not much higher than 

that of the most 18o-rich quartz from the epigranites of the 

Western Red Hills, and in fact, of all granitic rocks from 

southern Skye except the BOG . This model did not require any 

prior 180 depletion of the Lewisian gneiss, so it demonstrates 

that with the addition of only a minor amount of meteoric -

hydrothermal alteration of the gneiss, the partial melting 

model advocated by Bell, 1966 and Thompson, 1969 can readily 

account for the envisaged low- 18o granitic magmas. 
18 Whereas o o

0 
may closely reflect the oxygen isotope ratio 

of the original Western Red Hills magmas, o18oK (Figure 8-19 ) 

best reflects the total time-integrated effect of the meteoric

hydrothermal alteration process that operated on the solidified 

intrusives. The Early Epigranites show a general trend of in

creasing o18oK with decreasing age. Again, this is the trend 

that would a priori be predicted for feldspars that have been 

affected by overlapping meteoric-hydrothermal systems and have 

exchanged dominantly at subsolidus temperatures. Restricting 

ourselves for the moment to the Early Epigranites, we can de

velop a self-consistent model to explain the 18o; 16o systematics 

of both quartz and alkali feldspar in these granophyric rocks. 
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18 The model utilizes 'normal' initial values of o o0 = +8 . 5 

and o18 oK = +7.5 , the maximum 018o
0 

values measured (Figure 

8- 17) and the average 0
18 oK values (to minimize local varia 

tions; see Figure 8 - 19), along with the follow i ng constraints : 

( 1 ) the 0
180 depletions of the magmas increase with time; (2) 

the degree of 18o exchange at subsolidus temperatures decreases 

with time and (3) pr i or to subsolidus exchange the 0
18 o de-

pletions of the primary igneous quartz are, of course , exactly 

the same as for the primary igneous alkali feldspars. The 

final model for the Ear l y Epigranites is shown in Figure 8- 20 . 

The l ow - 18o magma f i eld in Figure 8 - 20 is constrained by 

the 0
18o0 va l ues , as wel l as the constraints mentioned above . 

Thus the 18o depletions i n the magmas appear to vary from 

about 1 . 5 per mil i n the early MGE to 3 per mil in the later 

LAE . The o18o lower i ng of the LAE melt must have been at 

least 2 per mil, otherwise the field of subsolidus exchange 

wou l d enlarge towards the younger intrusions , contrary to 

constraint (2) . Post - crystallization oxygen isoto pic exchange 

in the quartz may be about 1.0 per mil for both the NGE 

and the LAE, while alkali feldspar has clear l y been depleted 

in 18o by at least 13 . 2 to 7 . 0 per mil. No matter how one 

varies the basic mode l, there is no escaping the conclusion 

that the alkali feldspars have suffered extreme 18o depletion 

with respect to quartz, a l most wholly during post - crystalliza -

tion exchange . For the Early Epigranites, the two processes 

(post-crystallization oxygen isotopic exchange and 18o depletion 
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of the silicate melt) appear to contribute approximately equally 

to the final, measured 18o depletion of the quartz, whereas 

for alkali feldspar the dominant process is clearly subsolidus 

exchange. In terms of o18oR' at least 80 % of the total 18o 

depletion is due to oxygen isotopic exchange at subsolidus 

temperatures. 

A similar analysis can be done for the Later Intrusions. 

If we ignore the deviation of the single data point from the 

SPF (for reasons already given in Section 8. ll),the Later In

trusions are characterized by a maximum o18o lowering of the 

melts of only up to 2 per mil. The positive slope for quartz 

in Figure 8-17 severely restricts the low- 18o magma field and 

again emphasizes the dominance of post-crystallization oxygen 

isotopic exchange in these granophyric rocks. 

Nevertheless, Figure 8-17 displays another striking char-

acteristic to which we have alluded. This is the large varia

tion of o18o in the SPE (+3.5 to -2 .6). This range is more Q 
than 50 % greater than that displayed by any other intrusion in 

the entire Red Hills area. In addition, the SPE has the lowest 

o18oQ values yet analyze9 from the granophyric rocks of Skye. 

This is all the more remarkable when it is realized that these 

quartz crystals are among the coarsest in grain size of all 

Red Hi lls intrusions (see Figure 8-18). 

The most obvious explanation of the oxygen isotope data 

is that the SPE represents an extreme example of a low- 18o 

magma. To test this hypothesis, the following experiments 
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Figure 8- 20 . A model for the Early Epigranites of the Western 

Red Hills, Skye, comparing the amounts of 18o 
depletion attributed to subsolidus exchange with 
180 depletion of the magma (see text) . The 18o 
depletion of magma field is limited by the maximum 

measured 6
18oQi

8
assuming 6 18 o~ = +8.5 (and 6 18 o~ = 

+7.5). All 6 OQ values are shown, whereas only 
18 18 

6 OK values < 6 OK (average) are plotted. 
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were made. A hand -picked separate of individual euhedral quartz 

phenocrysts was prepared from the most 180-rich SPE sample 

(SK-182; o18o0 = +3.5). This sample (not crushed or ground 

in any way) was subjected to HF stripping until 82.3% of the 

original 103.4 mg of sample had been removed. The residual 

quartz had a o18 o = +5.2 . This indicates some oxygen isotopic 

inhomogeneity in the quartz. A mass balance calculation in

dicates that the average o18o of the dissolved quartz was 

+3 . 1. An identical experiment was tried on the most 18 o-

depleted quartz from the SPE, SK-181 . In this case however, 

after 102.1 mg of single-crystal quartz phenocrysts (o 18o = 

- 2.6) were treated with a 48% HF solution at room temperature 

for six hrs, the 20% residual quartz was analyzed and found to 

be indistinguishable from the original sample ( o18o = -2.7). 

This experiment suggests that the quartz from SK-181 is iso

topically homogeneous, but it should be noted that the resi

dual quartz from the HF stripping experiment did not represent 

the inner cores of the original quartz crystals. Instead, 

these grains af ter reaction exhibited a marked dendritic 

appearance . The reason for this is that the quartz crystals 

contain fractur es along which the HF has caused preferential 

dissolution of Sio 2 . Nevertheless, we would expect that if 

these fractures were present during hydrothermal alteration, 

the greatest amount of 18o exchange would have taken place 

there, and no such effect was found. This sug gests that the 

quartz grains in SK-181 were relatively inert during the 
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meteoric-hydrothermal alteration. In order to attempt to 

settle this question, another experiment was carried out on 

SK-181. 

A 103.6 mg sample of single-crystal quartz phenocrysts 

from SK-181 was subjected to a F2 stripping experiment, 

similar to the fluorination stripping experiments described 

by Epstein and Taylor (1971) on the lunar fines and breccias. 

The results are given in Table 8-3 and plotted in Figure 8-21. 

For each of the 12 fractions, the sample was reacted with an 

excess of F2 at successively higher temperatures for about 30 

minutes, except for the last fraction which was reacted over

night. The first three fluorination fractions (A, B, and c, 

Table 8-3) yielded almost no oxygen (estimated to be less 

than l~mole). This was undoubtedly because of the small re

action time and low reaction temperature, less than 210°C. 

These cuts are therefore not plotted in Figure 8-21, as the 

isotopic analyses are very uncertain and probably not meaning-

ful. 

The most striking characteristic displayed in Figure 8-21 

is the oxygen isotopic uniformity of nearly every fraction 

analyzed during the F2 stripping experiment . As expected, the 
18 wei ght ed averag~ 6 0 value for the quartz is -2.6. The fluorine 

stripping experiment demonstrates that the quartz crystals are 

essentially isotopically homogeneous throughout, whether we 

are talking about the rims, the cores or along fractures. 

These data are very difficult to reconcile with the hypothesis 
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Table 8·3 

0180 data obtained by successive fluorination stripping experi ment 

on quartz phenocrysts of SPE (SK-181) 

Sample lJ moles Cumulative Cumulative 0180 

02 11mo1es 02 % 02 extracted per mi 1 

SK-181 
Quartz Phenocrysts 

{103.6 mg) 

A. 30 min/80°C 'V 1 'V 1 0.06 + 1. 9 

B. 30 min/155 ° C 'V 1 'V 2 0.1 -3.4 

c. 30 min/210 ° C 'V 1 'V 3 0.2 -4 .8 

D. 30 min/270 ° C 'V 5 8 0.5 -2.3 

E. 30 min/380 ° C 36 44 2.6 -4.5 

F. 30 min/420° C 84 128 7.6 -2.6 

G. 30 min/450 °C 308 436 25.8 -2.6 

H. 30 min/450 ° C 440 876 51 . 8 -2.6 

I. 30 min/480°C 615 1491 88.2 -2.4 

J. 1 5 mi n/ 440 ° C 50 1541 91.1 -1.7 

K. 30 min/440 ° C 65 1606 95.0 -2.4 

L. 16 hrs / 560°C 85 1 6 91 100.0 -2.7 
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that the quartz, having originally crystallized with a 'normal' 

o18o value, subsequently underwent massive oxygen isotope ex

change during hydrothermal alteration, completely homogenizing 

the 18o1 16o of the quartz and still perfectly preserving the 

euhedral hexagonal bipyramids that are indicative of B-quartz 

crystals . We are forced to the conclusion that the oxygen 

isotopic homogeneity is a primary characteristic imposed on 

the quartz at the time of its crystallization, and hence it 

must have formed from a low- 18 o melt. The argument is sol id ly 

re-enforced by noting that SK-181 has essentially a 'normal' 

6Q - K = 0.8 (Table 8-1), compatible with near-equilibrium crys

tallization at magmatic temperatures. Aside from the possibly 

related SPF and a few BOG samples, this is the ~ epigranitic 

rock from Skye with a near-normal 6Q-K value! 

If the SPE was generated as an extreme low- 18o magma, why 

then is there such a large variation in o18o in this rock Q 
type? The answer may be related to the manner in which the 

SPE melt was generated. The SPE most likely represents a 

melt generated largely from hydrothermally altered Torridonian 

arkose (Thompson, 1969). The source rock itself was probably 

originally isotopically non-homogeneous and therefore the 

melting process probably gave rise to a melt (or melts) that 

was also inhomogeneous in terms of o18o. Note that the hydro

thermally altered Torridonian sandstones on Skye do in fact 

show a wide range in o18o (see Section 8.4). As described in 

Section 7.4, the SPE and SPF are the most Si0 2-rich and the 
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most MgO- and FeO-poor of all the felsic rocks from the Isle 

of Skye, and this includes the CUG. It therefore must have 

been an extremely viscous magma, too viscous in fact to homo

genize itself i sotopically by convection currents in the sili

cate liquid. The SPE is one of the smaller intrusive bodies 

of the Red Hills Complex so it would be easier to develop a 

low- 18o melt of this magnitude. These arguments apply equal l y 

well to the SPF which may represent a less extreme low- 18o 

magma. Note also that the SPF (IGC-13; Table 8-1) has a ~Q - K 

= 1.4. Further, the o18o0 values of the Marscoite Suite are 

not unlike that of the SPF and thus the isotopic evidence is 

in accord with the Wager~~- (1965) hypothesis on the origin 

of this hybrid rock. 

8.12 Eastern Red Hills 

All the o18o data for the Eastern Red Hills Complex are 

given in Table 8-1, while all the coexisting mineral data from 

these epigranitic intrusions (except for the BOG) are plotted 

in Figure 8-15. Conclusions in this section are less firm than 

for the Western Red Hills, mainly because the relativ e age re-

lationships between the various granitic and granophyric bodies 

are not as well known (see Section 7.4). The tentative sequence 

of intrusion is plotted as a function of coexisting o18 oK and 

o18o in Figure 8-15. Disregarding the BOG for the moment, the Q 
Eastern Red Hills show a spread of o18o values (+4.9 to +1.0) Q 
similar to that in the Western Red Hills but the alkali feldspars 
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show a much wider vari ation in the Wes tern Red Hills than the 

Eastern Red Hills . 

In general, the maximum o18oQ from each intrusion appears 

to increase with time from GBME to AFG (and BOG), but then de

creases with time to CSG (Figure 8-15). The alkali feldspars 

do not seem to exhibit any well developed trend. What might 

cause o18 oQ to start decreasing after the intrusion of the BOG? 

Examination of Figure 7-5 indicates that this break coincides 

with the intrusion of the basaltic agglomerates of the large 

Kilchrist vent (Geikie, 1897) and associated intrusive ignim

brite (Ray, 1960; 1972) . It is also interesting to note that 

the same o18oQ trend of the Early Epigranites of the Western 

Red Hills was preceded by the intrusion of vent breccias north 

of Belig (Bell, 1966) a nd the Loch na Creitheach vent (Jass i m 

and Gass, 1970) north of Camasunary. 

Sudden cauldron subsidence and penetration of magma into 

country rocks permeated with meteoric water is an ideal situ -

ation for locally generating enormous water pressures. This 

wo uld be expected to produce repeated explosive activity and 

accompanying formation of breccia pipes and explosion vents 

filled with volcanic agg l omerate (Taylor and Forester, 1971) . 

Thus, not only would the process that formed volcanic vents 

provide easier access for meteoric waters to the magma chamber 

below, but the explosive activity itself was very likely caused 

by the presence of meteoric waters. In this regard, note that 

the Loch na Creitheach agglomerates and tuffs represent some 
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18 of the most 0-depleted rocks in the world. The average 

o18 oR from five separate volcanic vents in Skye is -2.7. 

These intrusions may themselves represent low- 18o magmas. 

Beinn an Oubhaich Granite (BOG) 

The Beinn an Oubhaich granite (BOG) of the Eastern Red 

Hills of Skye is unique in that it was emplaced entirely into 

carbonate country rocks. The Cambro-Ordovician Ourness Lime-

stones have been extensively recrystallized, the original 

dolomite being mainly converted to calcite, with the formation 

of complex skarn zones near the BOG contact. Boron and fluorine 

bearing minerals are notable (Tilley, 1951 ). The BOG, intruded 

into the core of an arcuate anticline of Ourness Limestone, 

contains numerous bodies of limestone that have not been struc-

turally disturbed by its emplacement. Harker (1904) provided 

strong evidence for this by showing that pre-BOG dikes are 

aligned in both the limestone country rock and the limestone 

enclosed by the granite. 

Because of its anomalous position at Skye, both in terms 

of type of country rock and its essentially 'normal' o18o 

values (Taylor, 1968; Taylor and Forester, 1971), the BOG was 

stu d ied in s ome detail in the present work. The analyses in-

elu de 11 quartz samples, 9 alkali feldspar, 6 whole rock s , 1 

plagioclase and 1 magnetite separate (Table 8-1 ). Seven n18 oR 

values for dikes related to the BOG were also obtained. The 

o18o values for the BOG are similar to those of 'normal' ig-Q 

neous quartz, whereas the o18 oK values cover a wide range, 
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Most of the low o18o values are fr om fine
K 

grained samples; these are very rare in the BOG, but seve ral 

t d . t . h 18o . . ff t . t were s u 1es o exam1ne t e o -gra1n s1ze e ec 1n grea er 

detail. 

The results of the quartz and alkali feldspar analyses 

are plotted in Figure 8-22 as a function of grain size. The 

most pertinent features shown by the isotopic data in this 

diagram are (a) o18o is independent of grain size and re -
Q 

stricted to the range +7.8 to +6.9, (b) o18 oK is strongly de-

pendent on grain size, and (c) for a given grain size, o18 oK 

is lower for samples near joints, fractures and dikes than 

for samples of massive granite. The grain-size relationships 

apply not only from specimen to specimen, but also within a 

single rock sample. For example, SK-196 is a porphyritic BOG 

sample, and 0180 
Q 

is similar in both the groundmass and pheno-

crysts, while 0180 
K 

differs markedly in these two sites. Thus , 

the isotopic data clearly indicate that the BOG has undergone 

post-crystallization oxygen isotope exchange with meteoric

hydrothermal solutions. The W/R ratio was very low , however, 

except near fractures. This is consistent with the geologic 

features of the BOG. The BOG is well removed from all younger 

intrusions in the area, notably the intrusions of the Eastern 

Red Hills. Thus it may have been affected by only a single

stage hydrothermal episode. Also, the Durness Limestone may 

have been les s permeable to ground wa ters than the plateau 

basalt country rocks. Another important effect is that the 

limestone probably acted as a high- 18o 11 buffer 11
, making 180-



+
8

 

+
6

 

""
 () +

4
 

~
 

0 '- C
) 

~
 

+
2

 
~
 

0 

0
.5

 

fe
ld

sp
a

r 

A
lk

al
i 

fe
ld

sp
a

r 
ne

 o
r 

fr
a

c
tu

re
s
 

1.
0 

1.
5 

2
.0

 
2

5
 

A
ve

ra
ge

 e
st

im
at

ed
 

gr
oi

n 
si

ze
, 

m
 m

 

Q
ua

rt
z 

po
 

3
.0

 

w
 

0 (.
1'

1 

F
ig

u
re

 
8

-2
2

. 
o18

o 
vs

 
g

ra
in

 
si

z
e
 

fo
r 

q
u

ar
tz

 
an

d 
a
lk

a
li

 
fe

ld
sp

a
r 

fr
om

 
th

e 
BO

G
, 

S
ky

e.
 

N
ot

e 
th

a
t 

th
o

se
 

o18
oK

 
th

a
t 

fa
ll

 
o

ff
 

th
e 

m
ai

n 
tr

en
d

 
o

cc
u

r 
al

o
n

g
 

fr
a
c
tu

re
s 

in
 

th
e 

BO
G

. 



306 

depletion difficult. As first pointed out by Taylor and 

Forester (1971), such carbonate country rocks would provide a 

localized, easily exchanged, 180-rich reservoir that would 

probably produce much more 180-rich ground waters than would 

be observed throughout the rest of the Skye intrusive complex. 

The carbonate rocks would have become even less permeable 

to H20 if, during contact metamorphism and hydrothermal al

teration, they in part deformed plastically or by recrystal

lization rather than by fracturing. At the physical conditions 

under which the BOG cooled and crystallized, the strength of 

dolomite is much less than that of basalt or granite (Griggs, 

Turner and Heard, 1960). The carbonate would deform by co

hesive flow (Paterson, 1958); on a microscopic scale; this 

involves recrystallization and intra-crystalline gliding 

rather than cataclasis. In fact, any fractures that do form 

are likely to be 'sealed' in the presence of hydrothermal 

fluids, since the carbonates are much more easily recrystallized 

than silicate rocks, and also after the stress is removed, 

healing of fractures is likely to begin (Robertson, 1960). 

It is significant that each of the three samples collected 

at the contact with fractures or dikes have o18 oK values in

dicative of more 18 0 depletion than those of the main trend 

(Figure 8-22). The implication here is that these samples have 

been in contact with more water than those further removed from 

these channelways. Much higher W/R ratios must have been lo-

calized along the fractures, analogous to the situation that 
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18 produced the O-dep1eted sample SM-89 from the Stony Mountain 

stock in Colorado. 

8.13 Water/rock ratios in the Skye epigranites 

We can treat the granitic rocks of Skye as we did the 

gabbroic rocks, with respect to estimating W/R ratios from 

o18 oR values. Thus Figure 8-23 has been constructed using 
i parameters oR = +8.0 for a system behaving as An (see norms 

0 

in Table 7-1). For simplicity, 
18 i for values of 6 OH 0 . 

only -12 and -9 are considered 

2 
Excluding the BOG, o18oR values for the granitic rocks 

of Skye range from +3.1 (BCG, SK-37) to -5.9 (GE, SK-126). 

Whole-rock o18o values are either measured, or ca lculated from 
18 both the quartz and alkali feldspar o 0 analyses. The mean 

o18 oR ~ -1. Two -th irds of the rocks fall within the range -1 

to -2. Using petrographic criteria and reasoning similar to 

that in Section 6.11, a reasonable average integrated temper

ature would be in the order of 400-500°C. Thus most of the 

granitic rocks from Skye can be seen to have experienced in-

tegrated W/R ratios of approximately 1.3 ± 0.5 . Recall also 

that all regions that have experienced significant 18o depletion 

have average W/R ~ 1. Locally however, W/R ratios may approach 

very large values, e.g. SK- 126, with o18 oR = -5.9, represents a 

W/R > 5.0 (see Figure 8-23). Although ther e is close agreement 

to the W/R ~ 1 to 2 predicted by the calculations carried 

through in Chapter 4, these granitic rocks invariab ly have 
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larger W/R values. It is conceivable that a large part of this 

discrepancy may be due to the granitic magmas having been 

generated as low- 18o melts. 

The BOG has an average o18 oR z +6.0. Even if we take into 
i consideration that oH 0 may have been greater than -9, this 
2 

defines a W/R << 1. The alkali feldspar data clearly illustrate 

that the H2o that did interact with the BOG was relatively low 

. 18o d 1 . h h" h 18o 1n , an therefore high W/R ratios a ong w1t 1g o H 0 2 
(by exchange with limestone) is impossible. Low W/R ratios 

are therefore demanded for the BOG, and this demands a fairly 

impermeable country rock. Only very locally, along fractures, 

did the W/R ratios approach unity. 

8 . 14 Lead and strontium isotopic studies in Skye 

The sig nificance of the oxygen isotope data relative to Pb 

and Sr data from Skye have been discussed by Taylor and Forester 

(1971) as follows: 

11 Hamilton (1966) and Moorbath and Welke (1969) made the important 
discovery that the Pb isotopic compositions of the granitic rocks 
from Skye were similar to, and therefore largely inherited from, 
the underlying Lewisian gneisses. Moorbath and Welke (1969) clearly 
demonstrated that the Pb in all the analyzed igneous rocks from 
Skye is a mixture of a modern 'Tertiary' lead and a Precambrian 
lead ( ~3000 m.yrs. old) that has an isotopic composition identical 
to the average lead in the Lewisian Basement. In particular, the 
Skye granitic igneous rocks were found to contain mostly Precambria n 
lead, while the Cuillin gabbros largely contain 'Tertiary' lead. 

In the light of the large-scale oxygen isotope exchange that has 
occurred in Skye, it is of interest to see if any relationship exists 
between the 18o; 16o and lead isotope ratios. Many of the same igneous 



310 

bodies analyzed by Moorbath and Welke (1969) were also analyzed 
for 18o in the present study, and some analyses were on exactly 
the same specimens. The relationships are shown in Figure 8-24 
where we plot 206Pb;204Pb ratios against ppm total Pb for the 
Skye samples of Moorbath and Welke. The 6

18o values are also 
shown on this diagram. As can be seen, there is no direct cor
relation between o18o and the 206Pb;204Pb ratios. 

The samples plotted on Figure 8-24 however, can be div ided into 
two groups on the basis of their 6

18o values. We have already 
established above that all the basaltic lavas more than 6 km dis
tant from the central intrusive complex at Skye have essentially 

18 'normal' 6 0 values. Such samples are designated 'outer dolerites 
and basaltic lavas' on Figure 8-24 . The rest of the samples plotted 
on Figure 8- 24 come from the vicinity of the central intrusive com
plex, where the rocks all have been strongly exchanged with meteoric
hydrothermal solutions. In contrast to the normal-18o plateau lavas, 
the latter rocks show a pronounced correlation between lead content 
and lead isotope ratio (a 207Pb;204Pb plot would show a siMilar re
lationship). A least squares line drawn through these data points 

is shown on Figure 8-24; the correlation coefficient is -0.9. 
Moorbath and Welke (1969) noted the correlation between Pb con

tent and Pb isotopic composition and they interpreted this as 
simply indicating that the greater the amount of Precambrian Lewisian 
lead assimilated by the magmas, the greater total anour.t of lead in 
the ma~mas. This may be a valid argument, but note that many of 
the outer dolerites and plateau basalt lavas are also strongly con
taminated with 'Lewisian' lead and yet do not show this increase 
in total lead content. Also, in general, it is apparently as com
mon to fine Pb contamination of basaltic igneous rocks in continen
tal areas as to find contamination of andesit ic or rhyolitic rocks 
(Doe, 1970). Therefore, although it is certainly plausible that 

the lead isotope relationships shown in Figure 8-24 , all may 
have been entirely produced by contamination, assimilation , and 
partial melting of Lewisian gneisses by gabbroic magmas, as 
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Figure 8-24. 

Pb206;pb204 

Plot of 206 Pb; 204 Pb ratio vs Pb 
several igneous rocks from Skye 
& Welke, 1969). The whole rock 

content for 
(after Moorbath 

18 o 0 values ob-
tain ed on these same specimens are shown on the 
diagram. The value in parentheses was obtained 
on a nearby specim en, not the one actually ana
lyzed for 206 Pb; 204 Pb. The heavy diagonal line 
is a least squares line drawn through the dark
circ led data-points only. The only Pb data-point 
not plotted is that for the felsite of the out
lying Cnoc Ca rnach sill. After Taylor and Forester 
(1971). 
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18 proposed by Moorbath and Welke (1969), the o 0 data of the present 

study suggest another possibility as well. 
If the hydrothermal solutions responsible for the profound oxygen 

isotope effects in Skye were all essentially pure H2o, then obvi
ously this exchange could have no effect on any chemical constituents 
in the rocks (including Pb). However, at high temperatures alkali 
chlorides partition strongly into any aqueous gas phase that coexists 
with igneous rocks or magmas (Burnham, 1967). The strong feldspath
ization and albitization found in the Scottish Tertiary intrusions 
indicate that the meteoric hydrothermal solutions at least locally 
contained appreciable Na and K. Such fluids therefore have the 
potential of dissolving appreciable lead (the Salton Sea, California 
brine, for example, contains 104 ppm of lead, White, 1965). Inas
much as most of the lead in igneous rocks is in the feldspar (par
ticularly K-feldspar) and, as shown, the oxygen in this mineral 
is invariably exchanged throughout the central intrusive complex 
at Skye, there is no doubt that the hydrothermal solutions would 
have exchanged lead with the feldspars as well. 

Therefore, the mixing of lead isotopes demonstrated by Moorbath 

and Welke (1969) could have come about in part during the hydro
thermal alteration after emplacement of the igneous rocks at their 
present level. The hydrothermal process would cause a vast mixing 
and homogenization of the young leads of the volcanics and the 
Mesozoic sediments with the Precambrian leads of the granitic rocks 
and the basement. All rocks would be affected, but those with 
very small amounts of initial lead would obviously be affected the 
most (i . e. the gabbros and peridotites). If the solutions con
tained even as much as 0.5 ppm of lead they could have caused an 
appreciable change in the 206Pb!204Pb ratio of the Cuillin gabbros 
and peridotites, which have lead contents of only 0.5 to 2.7 ppm 
(Figure 8-24). 

The proposed mechanism would explain the following: (1) The outer 
dolerites and plateau basalts show a different Pb isotope behavior 
on Figure 8-24 than do the central intrusive igneous rocks because 
they have not been hydrothermally exchanged and thus retain their 
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original magmatic Pb isotope ratios. These rocks were definitely 
contaminated with Lewisian lead at the magmatic stage. (2) The 
gabbroic magmas of the Cuillin may originally have been contam
inated with Lewisian Pb in the same way as the plateau basalts, 
but these ratios have since been modified by exchange with hy
drothermal solutions carrying younger, more radiogenic leads . 
(3) Most of the granitic igneous rocks contain such high Pb con
centrations (commonly 15 to 20 ppm) that their Pb isotope ratios 
could have been modified only slightly by the hydrothermal al
teration. With decreasing initial Pb contents the rocks would be 
progressively more contaminated with the hydrothermal lead, thus 
producing the correlation shown on Figure 8-24. (4) The hydro
thermal exchange process could have been responsible for homo
genization of lead isotopes, particularly on a small scale. An 
example might be the Rudh 1 an Eireanneach composite sill in which 
the felsic and mafic portions both have similar lead isotopic 
compositions (Moorbath and Helke, 1969). We must re-emphasize that 
the hydrothermal alteration event definitely cannot be responsible 
for the 'old• Pb isotope ratios in the Skye granites. These grani
tic magmas must already have been contaminated with Precambrian 
lead at the time they were intruded. 

Moorbath and Bell (1965) have obtained a large amount of Sr 
isotope data on the Skye igneous rocks. They concluded that the 
Skye granites could not have been formed by differentiation from 
the magmas which formed the nearby gabbros and basalts because the 
initial 87sr186sr ratios of these rocks are totally different. 
Their arguments are well-reasoned and may indeed be valid. However, 
if the hydrothermal solutions responsible for the massive 18

0 ex
change in the Skye igneous complex contained even as little as 10 

ppm Sr, some of these arguments might need revision. Although it 
is an extreme case, note that the Na-Ca-Cl brine at the Salton Sea 

contains about 740 ppm Sr (White, 1965). 

A h 1 t · · t b t · ·t · 1 87s 186s t · very roug corre a 1on ex1s s e ween 1n1 1a r r ra 10 
and Sr content in the Skye igneous rocks. For example, the porphyritic 
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felsite in the Meall a'Mhaoil area north of Lock Ainort analyzed 
by Moorbath and Bell (1965) has by far the highest initial 87Sr/ 
86sr ratio in Skye, 0.7213, as well as by far the lowest Sr con
tent, 9.9 to 21.4 ppm. A number of granite, marscoite, and fer
rodiorite samples have 0.711 to 0.715 and 79 to 257 ppm, respec
tively, whereas the gabbroic and basaltic rocks have 0.704 to 
0.708 and 102 to 446 ppm. In the Mealla Mhaoil area there is a 
good correlation between amount and isotopic composition of Sr. 
The highest Sr content (457 ppm) occurs in a quartz diorite dike 
intruding the Maol na Gainmhich epigranite, and this dike has an 
initial 87sr;86sr of 0.7076 (Moorbath and Bell, 1965). All the 
Srisotope data in this part of Skye conceivably could be explained 
as follows: (1) All the rocks in the area started with an initial 
87sr;86sr of about 0.705-0.706. (2) The hydrothermal solutions 
that passed throough the rocks contained perhaps 20-30 ppm of Sr 
with an isotope ratio of 0.721 of slightly higher. (3) The Sr 
isotope ratios of the quartz diorite were almost unaffected, those 
of the marscoites were strongly affected, and those of the por
phyritic felsite were totally replaced; all these effects resulting 
from the relative amounts of Sr in each rock and in the hydrothermal 
solutions . This model would explain the uniform initial 87sr;86sr 
of the porphyritic felsite without making it necessary to conclude 
that the original felsite magma had a homogeneous ratio of 0.721, 
as suggested by Moorbath and Bell (1965). 

None of the arguments presented above necessarily invalidates any 
of the conclusions of Moorbath and Bell (1965) or Moorbath and Welke 
(1969). If the hydrothermal solutions had very low Pb and Sr con
tents then all their arguments stand firm. However, i t must be 
pointed out that the massive hydrothermal exchange that has occurred 
in Skye could also have appreciably affected the trace element geo
chemistry in these rocks and therefore one must be careful about 
utilizing such data to make firm conclusions as to the gneiss of 
the Skye granites." 
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Chapter 9 

OTHER SCOTTISH TERTIARY PLUTONIC CENTERS AND MISCELLANEOUS 
LOCALITIES 

9.1 Isle of Mull 

General geology 

The classic Mull Memoir (Bailey~~·, 1924) wa s one of 

the first papers to treat such concepts as magma type and magma 

series. These concepts led Kennedy (1931; 1933) to consider 

tholeiitic and olivine-basalt magmas as independent magma types 

and it is thus at Mull where serious petrogenetic thought on 

the origin of basaltic magmas began. A thickness of about 2 

km of basaltic lavas still remain on the Isle of Mull, the most 

complete Tertiary lava succession in northwest Scotland (Figure 

9-1). The alkali olivine basalts (•Plateau magma type•) largely 

lie in the peripheral part of the island, while the overlying 

tholeiitic and high-alumina basalts ( •nonporp hyritic central 

magma type• and •porphyritic central type• of the classic litera 

ture) are mainly confined to the central part of the complex, 

the old basaltic caldera. The earliest intrusive activity was 

concentrated along the margins of the caldera. Subsequently, 

the area around Beinn Chaisgidle (early caldera in Figure 9-1) 

became the center for intrusion. Finally, the center of igneous 

activity moved to the northwest, around Loch Ba, wher e the 

latest ring-dike intruded along the margins of a complete ring 

fault, surrounding a block which has subsided at least 1 km 

(the late caldera in Figure 9-1). 
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Table 9-1 

18 o 0 values of rocks and minerals from Mull, Arran, Ardnamurchan and various 

Sample # Mineral 
(Ml-

16 

17 

18 

22 

23 

24 

25 

26 

37 

38 

47 

49 

50 

51 

52 

WR* 
WR 

WR 
WR 
WR* 
WR 
f 

WR 

WR 
WR 

WR 

WR 
WR 
WR 
WR 
WR 
WR* 

other localities 

+2.5 

+4.7 

-3.5 

+4.4 
+4.5 

+0.3 

+3.2 

+0.1 

-0.6 

-3.0 

-3 . 4 

-3.0 

+0.6 

+3.7 

+4.5 

+5.6 
+5.6 

Description 

Mull 

Greenish basalt; 1 km south of Salen. 
Basalt. Seriz, zoned & cracked glomera
porphyritic plag pheno, with chl along 
cracks, in subophitic textured gdmass of 
seriz plag, fresh px, chl after ol, opaques, 
interstitial opaque-rich devitrified glass; 
pumpellyite. 
Basalt; about 1 km east of Salen. 
Basalt with pyrite. 

Basalt with pyrite. 
'Big-feldspar• basalt, near Loch Spelve. 
Greenish mg subophitic gabbro, with cracked 
& seriz plag, fresh Ti-augite, chl (after 
ol) opaques & ep. 
Basalt; north end of Loch Spelve. 
Screen of basalt between ring-dikes, Allt 
Molach. Felted gdmass of cloudy plag, with 
pheno of plag, now largely altered to chl , 
ct & seriz; also frag of quartzofeldspathic 
material. 
Highly granitized version of above. .Seriz
feld pheno in a feld-rich matrix, with some 
gphy textures & chl. 
Amyg basalt, near head of Loch na Keal. 
Basalt. 
Basalt. 
Basaltic (dolerite) sheet. 
Amyg basalt with ct. 



Sample 
(Ml - ) 

53 

54 

81 

118 

119 

120 

122 

125 

131 

133 

153 

155 

Mineral 

WR 

WR 

WR 

\~R 

WR 

WR 
~JR 

Q 
K 

WR 

~~R 

WR 

WR 
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Table 9-1 (Cont'd) 

+4.6 

- 6.5 

-5.4 

+1.5 

+0.6 

+9.1 

+7.3 

+9.2 
+8.5 

-2.9 

-2.7 

- 1.1 

-2.7 

Descr iption 

Basa lt. Fresh pheno of ol; with altera 
tion to opaques, chl & iddingsite along 
cracks & marg ins; in a fg ophitic gdmass 
of fresh Ti-augite, plag, opaques & chl. 

Screen of basalt between Knock granophyre 
& Beinn a Ghraig granophyre. Aphanitic 
& fractured with feld, clinozoisite, 
opaques, px & chl. 

Basalt. Seriz, plag, px altered largely 
to chl & opaques; zeolite. 

t1ugearite, head of Loch Scridain . Pheno 
of altered mafics (ol?) , opaques & zoned 
plag in a pilotaxitic gdmass of cloudy 
plag, chl & opaques . Chl & opaque- rich 
alteration zones along fractures. 

Ophitic basalt with fresh px & dusty plag . 
The grain boundaries between the px are 
preferentially altered to chl & opaques. 

Basalt. 

Basalt, fg, with plag , dusty px , opaques 
& altered ol. 

Ross of Mull biotite granite, cg . 

Ring-dike of mg felsic quartz-gabbro. 
Allt Molach . Cloudy plag with turbid 
rims; fresh px; accicular mafics altered 
to chl, ep & opaques; mag;interstitial 
qtz; apatite. 

Late basic cone sheet cutting Ml-131 . 

Fg felsic portion (5 m thick) of composite 
dike cutting ring -dikes in Allt Molach . 
Dusty to cloudy feld, qtz , chl, ct, actino
lite. 

Rhyolite dike, with flow banding , cutting 
basalt. Seriz feld pheno (with some ep) 
in a reddish, mosaic-fractured, cryptocrys 
talline (glassy?), pa rtl y devitrified matrix. 
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Table 9-1 (Cont•d) 

Mineral Description 

156 WR -2 .4 Felsic ring-dike. Zoned plag pheno with 
cloudy rims, in an equigranular gdmass of 
feld, qtz, opaques, chl, amph, ep, & 
apatite. 
fragments. 

Minor gphy; some small fg felsic 

183 WR* -6.1 Chl-rich .basalt, near Derrynaculan grano-
phyre. 

184 WR -3.4 Basalt, 1 km west of Ml-183. 

Mull WR +2.2 
Mull 2 WR 0.0 
Mull 3 \~R -1.1 
Mull 4 WR -3.9 
Mull 6 WR -2.9 
Mull 7 WR -3.9 
Mull 9 WR -3.5 
Mull 10 F -1.6 

p -1.2 
Mull 11 WR -5.7 
Mull 12 WR +0.9 
Mull 13 WR -0.1 
Mull 14 F -4.9 

p -0.9 
Mull 15 WR +1.1 
Mull 16 Q +3.3 

K -0.8 
Mull 17 WR +6 . 1 

Mull 18 WR +5.2 
Mull 19 Q +2.6 

WR +3 .4 {mg) 
WR +3.2 ( fg) 

Mull 20 WR -0.7 

# Samp 1 es Mull - Mull 20 are from Taylor and Forester (1971) 
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Table 9-1 (Cont'd) 

Sample Mineral Description 

AR-GEl 

NGS-3 

NGS-5 

GS-1 

AR-CBl 

Ar-13 

LCP-130D 

LCP-149c 
LCP-269 
LCP-DV152 

LCP-297 
LCP-266F 

LCP-124c 

YAG-19B 

YAG-19A 

Q 
K 

+9.1 
-1.9 

Arran 
Outer granite, cg; 30 m from outer contact, 
Gleann Easan Biorach. NG 947491. K cor
rected for 5% qtz. 

Q +9.2±0.0(2) As above, 12m from Hutton's contact, North 
K +4.9 Glen Sannox. NG 985468. K corrected for 

5% qtz. 
WR -3.7 Dalradian schist at Hutton's contact, NG 

985468. Now a fg hornfels. 
WR +8.9 Inner granite, equigranular fg. Between 

Glen Sannox and Leac an Tobair, near the 
margin of the inner granite. NG 969437. 

WR +2.0 Crushed outer granite at myl onitized fault 
contact with Old Red Sandstone, Corrie 
Burn. NG 012417. 

Ardnamurchan 
WR +0.1 Biotite quartz monzonite, center 3, 0.5 

km south of Achnaha. 

Little Chief Porph~r~, California 
WR +7.1 Near northern margin of north phase of 
k +6.4 stock (see McDowell, 1967). 
B +3.5 
f +7.5 

f +8.1 Near south margin of north phase of stock. 
WR(gdmass)+8.1 

f 
WR 

k(core) 
f(rim) 

WR 

K 

B 

+7 . 6 
+0.1 Pyritic, fine-grained hypabyssal rock. 
+3.7 
+1.7 
+5.5 Near NE margin of north phase of stock. 

Clark County, Nevada 
+5.7 Keyhole Canyon granite pluton, 35°42'0", 

114°55'0" (see Armstrong, 1970). 
+4.6 Railroad Pass adamellite pluton, 35°58'0", 

114°55'0". Biotite has oD = -102. 
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Table 9-1 (Cont 'd} 

Sample Mineral o 18o (%.. ) Description 

F8-285 K 

LOS-6a k 

LOS-7 WR 

LOS-11 a k 

1-46 WR 

BC-MB2 F 

Cl163 WR 

Y-34 k 

Coryell Syenite, B.C. 
+5.0 Near Rossland, B.C. Tertiary pluton in

vading Lower Jurassic Rossland Formation 
volcanics (see Little, 1960). 

Miscellaneous samples 
+7 . 2 West margin of Little Olga granodiorite 

porphyry stock, Winston Mining District, 
Montana (Earll, 1964). 

+5.6 Late Cretaceous andesiti c volcanic, at 
contact with Little Olga stock, west margin. 

+7.5 North margin of Little Olga stock. 
+6.3 Syenite, Va l lee de Papenoo, Tahiti -nui 

(McBirney and Aoki, 1968). 
+6.2 Olivine gabbro plug of Miocene age, Mt . 

Begbie, B.C. (Farquharson, 1973). 
+7.5 Altered diorite, Viti Levu, Fiji. 17°52'24", 

177°18'18" (Houtz, 1959). 
+9.7 Pink porphyritic biotite gran i te , Wolf 

Creek Area, 
1943). 

St. Elias Range, Yukon (Sharp, 
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Figure 9-l. General geo lo gic map of t1ull-r·1orven area (from 

Guide to the Geological Mode l of Ardna mu rchan, 

t~em. Geol. Surv., 1935). Black dots are sample 

localities from area not covered in Figure 9-2 . 

Q =quartz; K =alkali feldspar; no symbol = 

whole rock o18o. 

Figure 9- 2. Generalized geologic map of the eastern part of 

the Isle of Mull (after Bailey et al . , 1924) , 

showing the o18 o data and local~i~ (black dots) . 
Also included are data from Taylor and Forester 

(1971) and Beckinsale (1974). F = pla gioc l ase ; 
P = pyroxene; others as in Figure 9- 1. 
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A glance at the geological map of Mull (Sheet 44 of the 

Geological Survey of Great Britain) indicates the symmetrical 

nature of the intrusive complex of central Mull . The axis of 

symmetry, which trends NW-SE (see Figure 9-1) is the same 

direction along which the center of activity shifted with time . 

The intrusions associated with the early and late calderas in -

elude a myriad of arcuate cone sheets and ring dike s, explosion 

vents, gabbros and granophyres. The early cone sheets themselves 

have an aggregate thickness of about 1 km, made up of about 1000 

individual intrusions. Other recent summaries of the geology 

of Mull are given by Richey (1961) and Stewart (1965). 

Isotopic results 

All 6
18o analyses from Mull are given in Table 9- 1 and 

plotted in Figure 9- 1 and 9-2. In addition, seven ana l yses 

of the Glen Cannel granophyre from Beckinsa1e (1974) and 23 

analyses from Taylor and Forester (1971) are also in cluded in 

Figure 9-2. 

In spite of the geologic complexity of the Mull intrusive 

center, the 6
18 o values of the igneous rocks present a fairly 

simple pattern. The rocks within the two calderas shown in 

Figure 9-2 are remarkably uniform, with a mean 6
18oR = -2.7 

and an average deviation from the mean of only ±0 . 6 per mil. 

There are some systematic variations with age, however. The 

earliest intrusives, including the early cone sheets, the Ben 

Buie gabbro (Mull-14), and the ring intrusive arou nd Beinn 

Chaisgidle (e.g. Mul1-6, 7; Ml-131, 156) are characterized by 
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the lowest 618o values, with 618 oR ~ -3. The Glen Cannel grano

phyre represents the first intrusive event of the later stage 

Loch Ba center, and it has an average 6
18o = -2.3 (Beckinsale, R 

1974). The Beinn a Ghraig granophy re (M ull-16) post-dates the 

late cone sheets and has a o18 oR = +0.6 (calculated by material

balance, see Table 9-1 ). Finally, the latest intrusion in 

the area, the Loch Baring dike (Mull-15), has 6
18oR = +1.1. 

This overall pattern of increasing 6
18 oR with decreasing age 

is analogous to the pattern shown by the later granitic in

trusions in the Western Red Hills, Skye, and by Centers 2 and 

3 in Ardnamurchan; the explanations given previously may also 

apply here (Section 8.12 of this work; Taylor and Forester, 

1971). 

Among the intrusive igneous rocks at Mull, the lowest 

o18oR values are found alon9 the borders of the caldera ring 

fractures; at the SW edge of the peripheral fracture zone of 

the early caldera, 6
18 oR = -2.9 to -5.7. These extremely low 

6
18o values can probably be attributed to high contact meta-

morphic temperatures, and to the higher water/rock ratios that 

would accompany the fracturing associated with major cauldron 

subsidence; the latter would be expected to provide good access 

routes for the upward-moving waters that form part of the hydro

thermal convection system (Taylor and Forester, 1971). The plu -

tonic igneous rocks lying in the margins of the intrusive complex 

well away from the caldera ring fractures have 618 oR = -1.1 to 

+3.4 (Figure 9-2). 
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The most 18o depleted rocks at Mu ll are the fine-grained 

volcanic rocks that lie closest to the central intrusive com

plex. Whole-rock o18 o values as low as -5.4, -6.1 and -6.5 

are observed. The most 18o-depleted sample (Ml-54) lies right 

at the periphery of the complex aha is from a screen of basalt 

between the Knock granophyre and the Beinn a Ghraig granophyre. 

Overall, the plateau basalts at Mull range in o18o from -6.5 

to +9. 1, and they exhibit extremely systematic isotopic varia

tions. The o18 oR values decrease radially inward as one ap

proaches the central intrusive complex, in a manner analogous 

to that observed at Skye (see Section 8.7 and Figure 8-9 ) . 

Note that the limit of pneumatolysis, shown on the map of 

Figure 9-2 and drawn on th e basis of the mineralog ical charac

ter of the plateau basalt lavas (Bailey~~., 1924), coincides 

fairly well with an approximate o18o boundary between 'normal • 

and 18o-depleted volcanic rocks. Recent mapping of the amygdule 

minerals in Mull (Walker, 1970) shows that the oute r edge of 

the epidote zone corresponds almost precisely with the li mit 

of pneumatolysis; just outside it lies the prehnite zone, al mo st 

coincident with the above - mentioned o18o boundary. 

The prehnite and epidote zones occur in an area of the lava 

succession characterized by steeper dips (compared with the 

outer area of gent le dips in western and northern Mull), and 

const itute an aureole of striking regularity lying about 5 to 

10 km from the central intrusive comple x . These zones ma y 

therefore mark the appro xima te outer limit of the upward-moving 



327 

portion of the major meteoric-hydrothermal convection system(s) . 

Note that all of the plateau basalts beyond t he pneu matolysis 

li mit have 6
18 oR > +4.7. As mentioned i n Section 8 . 7 , at rel

atively low temperatures, the 6
18o values of the outer plateau 

basalts would not be drastically altered from their pri mary 

values of about +6.0. This is because of lower r eaction rates, 

1 8 and also because the meteoric waters already have the 6 0 

values required for isotopic equilibrium between pla gio cl ase 

(An 50 ) and H20 at low temperatures (e.g . 6
18 oF = +6 .5, t hen at 

75 ° C, 6
18 oH 0 = -1 0 .7 ). There is only one ba sa ltic country 

2 18 18 rock sample (M l-12 0 , 6 OR= +9.1 ) whose 6 OR has app aren tly 

been substantially increased by low temperature exchang e (or 

weathering?). 

Figure 9-3 shows ge neralized 6
18oR profiles of sandstones , 

shales, and basalts fro m Skye, as well as the basalts from Mu ll, 

as a funct ion of distance from the intrusive complex. Note 

that, wh ere the country rocks are basalts, the 6
18 o effects e x-

tend outward for about 8 km at both Mull and Skye, eve n th ough 

the Mu ll i ntrusive center is smaller than the Skye cen te r. The 

profiles shown in Figure 9-3 are also distinctly different at 

the two centers; the steeper profile at Mull is possibly a 

result of the fact that the Mull intrusive center represents 

hundreds of individual, separate, sub-volcanic i ntrusive events, 

whereas at Skye there were clearly some lar ge magma chambers 

that persisted over a considerable len gth of ti me (e . g . the Cuillin 

gabbro). Thus larger amounts of magma may have passed upward 
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18 Semilogarithmic plot of c OR vs distance from 
the central intrusive complex (for discussion , 
see text) . The curves represent general i zed, 
average profiles. The limit of pneumatoly s is 
on the Isle of Mull (after Bailey et ~-, 1924) 
is also shown. 
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through the Mull center than in Skye, and the meteoric 

hydrotherma l effects would be correspondingly enhanced by 

the greater amount of heat energy available per unit area. 

Another factor to be considered is that at Mull the country 

rocks are entirely made up of permeable lavas. At Skye, in 

areas where the country rocks are made up of much less perme 

able shales, the o18o effects extend outward to only about 

2 km. The sandstones, being somewhat more permeable than the 

shales and composed largely of quartz, feldspar, and carbonate, 

show measurable 180 depletions outward for about 4 km (Figure 

9-3). 

It is interesting to note that all the profiles in Figure 

9-3 apparently converge inward to a o18 oR ~ -4 to -6. This is 

not an unexpected result, inasmuch as at equilibrium all the 

rock types tend to approach the o18 oH 0 value of th e exchanged 
2 

meteoric water at sufficiently high temperatures . However, 

even at equilibrium the quartz-rich rocks will always be some

what richer in 18o than the basaltic rocks (Taylor and Epstein, 

1962). 

Note that the Ross of Mull granite pluton, 25 km W of the 

Mull center, with a K-Ar age of 420 my (Beckinsale and Obradovich, 

1973) has 1 normal 1 o18o0 and o18 oK values of +9.2 and +8.5, 

respectively (Figure 9-l). Obviously, this intrusion has not 

been affected at all by the Tertiary meteoric-hydrothermal 

activity. As it was intruded into relatively impermeable Pre-

cambrian schist and gneiss, it is logical that there was no 
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measurable involvement with heated ground waters during Si lurian 

time, either. 

9.2 Northern Granite Complex, Arran 

The first detailed mapping of the island of Arran was 

carried out by Gunn (1903). Tyrrell (1928) incorporated much 

of Gunn•s work in his memoir. More recent studies include 

brief reviews by Richey (1961) and Stewart (1965) and detailed 

studies by King (1954), Tomkeieff and Longstaff (1 961) and 

MacGregor (1965). 

There are two Tertiary central complexes on Arran - the 

Central Ring Complex and the earlier northern granite. The 

northern granite complex is about 13 km in diameter, and is 

composed of an outer coarse -grained biotite granite and a cen-

tral and later fine-grained biotite granite. The country rocks 

around the granitic mass have been uplifted and tilted by the 

act of emplacement, so that they now strike approximately 

parallel to the granite margins. Portions of this contact 

are represented by a fault (Figure 9-4). 

Only seven 6
18o values have been obtained from the Northern 

granite complex of Arran (Table 9-1; Figure 9-4). It is abun

dantly clear however that the outer granite has suffered ex

treme 18o depletion and this must have taken place almost 

entirely at subsolidus temperatures. This is because sample 

AR-GEl has a normal 618o0 = +9.1, but the coexisting alkali 

feldspar has 6
18o = -1 . 9. Note that the ~Q-K value of 11.0 is 
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one of the largest from the Scottish Tertiary volcanic districts . 

Note also that AR-CB1 has the identical whole rock 6 18o value 

(+2.0) of tha t calculated for AR-GE1; it is probable that the 
10 a l ka li feldspar in AR-CB1 is similarly highly depleted in uO . 

Both samples are from the marg i ns of the outer granite and near 

the contact with surrounding country rocks. All of the 180-dep leted 

samples 'vlere collected in the vicinity of a majo r fault that may 

have acted as a channelway for meteoric - hydrothermal fluids . These 

sa mp les demonstrate that so l utions penetrated into the casement 

crystalline complex , although any importan t oxygen is otopic effects 

may be confined to the vici nity of major fractures (see Figure 9- 4) . 

The inner granite , although finer grained than the outer 

granite , has a 'normal' whole rock 6 18 o = +8 . 9 . It is virtually 

impossible for this specimen to have suffered any significar1t 

18o depletion . This inner granite tecomes very fine grained at 

the contacts of the older outer gran ite (Flett , 1942), and yet 

is not at all depleted in 180. More sa~pling is obvious1y necessary 

to demo n s t r a t e \'1 h e the r o r no t the co r e o f t h e A r ran co rn p 1 ex i s 

anywhere depleted in 18o. 
The contact specimen NGS-5 has a 6 18o =- 3 . 7 . This sample 

of Dalradian has the lowest 6
18o value of any metapelite yet 

reported , and must have been depleted by at least 10 pe r mil . 

The combination of close proximity to the fault contact 
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and the recrystallized, fine grained nature of this sample 

has certainly been favorable for oxygen isotopic exchange. 

9.3 Miscellaneous localities 

Little Chief Granite porphyry stock, California 

The Little Chief Granite stock of Tertiary age is located 

in the central Panamint Range near Death Valley, California. 

It has been the subject of a detailed study by McDowell (1967, 

1974) and McDowell and Albee (1966a and b). 

The stock, predominantly of granite or quartz monzoni t e, 

is a composite intrusion with a south phase and a later north 

phase (Figure 9-5). It is bounded on the nort h , south and west 

by vertical faults which define a rectangular "trapdoor" of 

sedimentary rocks. The country rocks in the area include Pre

cambrian crystalline rocks (Silver~~-, 1961; Lanphere et ~-, 

1964; Wasserburg et ~-· 1959), the later Precambrian Pahrump 

Group, and Cambrian sedimentary formations. 

Only seven samples from the Little Chief stock have been 

analyzed in this study, with a total of 11 o18o analyses (Table 

9-1 ). The results are plotted on Figure 9-5. LCP-124c has a 

o18o = +5.5, which is significantly lower than the other samples 

from the north phase of the stock. The feldspar phenocrysts 

of LCP-266F have o18o = +3.7, while the white outer rims of 

plagioclase have o18o = +1.7 . The most 18 0-depleted sample 

( o18o = +0. 1) is a pyritic, fine-grained hypabyssal rock pro 

bably related to the intense dike swarm at the eastern side of 
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the intrusion. Note that almost all of these sa mp les are situ-

ated near the margins of the stock . 

Although the data are meager, the most likely explanation 

for the abnormally low 18 o; 16o ratios of some of the samples 

is that these rocks underwent oxygen isotope exchange with 

heated, low- 18 o meteoric ground waters . This has ap parently 

occurred in spite of the unfavorable, relatively impermeable 

nature of the country rock, probably because it is an example 

of an epizonal body whose emplacement was associated with 

major fault development. 

Clark County, Nevada 

Both samples analyzed (Table 9-1) are from Tertiary in -

trusive rocks in the vicinity of the Nevada-Arizona border 

(Armstrong , 1970). The o18 oK = +5.7 is somewhat lower than 

expected for orthoclase in a 'normal' granite. Th e biotite 

from YAG-l9A has a oD = -102, which is abnormally depleted in 

deuterium with respect to 'normal' igneous biotites (see Figure 

6-6). These few analyses suggest small amounts of meteoric 

water may have exchanged with these Tertiary igneous rocks. 

Coryell Syenite, British Columbia 

This sample, from the Tertiary syenite that intrudes the 

Lower Jurassic volcani cs near Rossland, B.C. (Little, 1960) 

has a o18 oK = +5.0. This sample is thus slightly depleted in 

18o, most likely as a result of exc hange with hydrothermal -

meteoric waters. 



337 

Miscellaneous samples 

All these samples have essentially 'normal' o18o values, 

and there is no oxygen isotopic indication of interacti on 

with meteoric-hydrothermal fluids (Table 9-1) . 
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