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ABSTRACT 

Criteria used to characterize S-type granites of the Lachlan Fold Belt 

(LFB) of southeastern Australia are reviewed and comparisons made with the 

peraluminous granites of southwestern North America, some of which have been 

classified as S-types. 

Virtually all of the vast volume of S-type granites in the LFB are near 

surface, batholithic granites that are commonly associated with S-type 

volcanics and are not associated with regional metamorphic rocks and 

migmatites. They are strongly peraluminous, as shown by the presence of 

cordierite. Muscovite granites are rare. All are low in Na, Ca and Sr as a 

result of chemical weathering during formation of the sedimentary sources. 

Aluminous granites of various ages in southwestern North America are 

distinctly different. None contain corderite and some are highly evolved such 

that garnet has crystallized. They are dominantly two-mica granites 

indicating crystalization at higher water activities and greater depths than 

most peraluminous granites of the LFB. Sodium is generally high in the 

peraluminous granites of southwestern North America (some rocks are 

trondhjemitic) and the magmas are more likely to have been produced by partial 

melting of altered basaltic rocks. There is no evidence that any peraluminous 

granites of southwestern North America are S-types. 



INTRODUCTION 

Nearly all granite magmas are generated by partial melting of crustal 

materials in a variety of tectonic settings. Since magma source terranes are 

rarely exposed, granites can act as windows into the unexposed portions of a 

crustal segment. Information gained from granite studies can have far

reaching implications for understanding the geology and tectonics of a 

region. An important step in this process is the first order classification 

of granite suites as either S- or I-type (Chappell and White, 1974). 

Classifications are of limited use, and their usefulness disappears if 

they are abused. The S-1 classification is being abused particularly when 

attempts are made to apply it to granites in southwestern North America. 

However, we believe that the ultimate aim of determining the sources of 

granite magmas is worth pursuing with as much scientifi.c rigor as possible. 
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In this paper, we discuss the characteristics of S-type granites as determined 

for the rocks of the early Paleozoic Lachlan Fold Belt (LFB) of southeastern 

Australia and we critically assess the occurrence of S-type granites in 

southwestern North America as discussed in recent articles in Geology (e.g., 

Miller and Bradfish, 1980; Todd and Shaw, 1985). I 

DEFINITION AND FIELD ASSOCIATIONS 

An S-type granite is one in which geochemical and isotopic 

characteristics are primaily inherited from a crustal sedimentary (or meta

sedimentary) source (Chappell and White, 1974; White and Chappell, 1977; White 

and Chappell, 1983; Clemens and Wall, 1981; Clemens, 1984). The 

characteristics inherited during partial melting depend, in part, on the 

chemical composition of the original sediment. 
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S-types of the LFB most commonly occur in major batholiths in which 

individual intrusions (plutons) are typically surrounded by contact aureoles 

of hornfels (White and others, 1977; Phillips and Wall, 1980; Phillips and 

others, 1981). These are referred to as contact aureole granites in contrast 

to those genetically associated with regional metamorphic rocks and migmatites 

(regional aureole granites: White and others, 1974). S-type volcanic rocks 

are also common, (Birch and others, 1977; Wyborn and others, 1981; Clemens and 

Wall, 1984). Of the 61,000 km2 of granite in the exposed area (30,000 km2) of 

the LFB, at least 40% are S-types and, of these, only about 0.1% are 

associated with regional metamorphic rocks including migmatites. These 

regional aureole types (Cooma Suite: Chappell, 1984) can be matched in 

chemical and isotopic characteristics with the surrounding very low Na, 

quartz-rich graywackes of Ordovician age (Pidgeon and Compston, 1965; Chappell 

and White, 1976}. However, as expected, the compositions of contact aureole 

S-type suites and volcanic S-types are not compatible with derivation from the 

surrounding country rocks; their origin is considered to be from less mature 

sediments not known to be exposed in any part of the LFB. The apparent 

chemical "maturity" of the source rocks is not the result of mixing between 

basalt and Cooma Suite granite magma as suggested by Gray (1984} because the 

contaminating basalt would have to be peraluminous (and such basalts are not 

known)! These field data are not compatible with the view held by Pitcher 

(1979) that S-types occur in regional metamorphic-migmatite environments. 

Also, the statement by Miller and Bradfish (1980, p. 414) that "S-type 

granites are likely to be found nearer their sources, and therefore evidence 

(migatites, regional metamorphism} of the events that led to their generation 

is expected", only applies to a miniscule proportion of the exposed S-type 

granites of the LFB. The source of any granite is unlikely to be found 



exposed at the level of intrusion unless that granite is a regional aureole 

type (Clemens, 1984; but compare O'Hara and Yarwood, 1978). Furthermore, the 

presence of peraluminous granites within the high-grade metamorphic rocks 

associated with any batholith does not 11 provide constraints on the nature of 

source rocks and depths of granitoid development in the batholith" as stated 

by Todd and Shaw, (1985, p. 285) in reference to the Peninsular Ranges 

Batholith. 
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Clemens and Wall (1981) and Clemens (1984) recognize three main 

categories of S-type rocks. Muscovite breakdown in medium-grade metapelites 

produces low temperature, wet, felsic magmas that are normally emplaced at 

deep crustal levels and associated with migmatites and high-grade metamorphic 

rocks. Biotite breakdown in higher-grade metapelites can produce a wide 

variety of hotter, drier magmas that may be emplaced at a variety of levels. 

These granites range from foliated regional aureole types to high level, 

discordant, contact aureole granites. In less aluminous metasedimentary 

sources not saturated with A1 2Si05 (quartzofeldspathic graywackes), biotite 

breakdown and partial melting occurs at even higher temperatures and the melts 

are hot, dry and relatively mafic; these are emplaced as contact aureole and 

subvolcanic batholiths as well as being erupted as volcanic rocks. 

MINERALOGY AND CHEMICAL COMPOSITION 

A critical factor determining the mineralogy of S-type granites and their 

equivalent volcanic rocks, as for almost all igneous rocks except accumulates, 

is the chemical composition of the magma, including the volatile constituents 

(many, or most, of which are lost during solidification). Discussion of the 

mineralogy of rocks cannot be divorced from that of their chemical 

composition. 
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The term 11 S-type11 is commonly equated with muscovite-biotite ( 11 two-mica 11
) 

granite (e.g., Barker 1981). However, of the more than 25,000 km2 of S-type 

granites exposed in the LFB only about 1% contain muscovite that is considered 

to be primary (Price, 1983). The most important primary aluminous mineral in 

S-types is biotite which may amount to as much as 30%. Cordierite, not 

muscovite, is by far the next most common aluminous mineral in granites 

although it is commonly partly (or wholly) replaced (probably as a result of 

subsolidus reactions) by phyllosilicates. After biotite, cordierite is also 

the most common and abundant aluminous mineral in S-type volcanics (Wyborn and 

others, 1981; Clemens and Wall, 1984). For a magma to crystallize cordierite 

or muscovite, molecular Al 2o3/(Na2o + K20 + CaO) must be greater than 1, i.e., 

the magma must be peraluminous (Shand, 1927). Based on limited amounts of 

precise and accurate data, Chappell and White, (1974) stated that S-types have 

mol. Al 2o3/(Na2o + K20 + CaO) > 1.1 and normative corundum> 1%. These 

generalized figures were an attempt to show that S-types are strongly 

peraluminous. Here we suggest that cordierite is the most reliable mineral 

indicator of strongly peraluminous compositions; its occurrence is dependent 

on the actual peraluminous nature of the magma and not on the accuracy of 

chemical analyses for Al and Na, each of which are difficult elements to 

accurately determine. Likewise, the presence of cordierite is not dependent 

on subsequent weathering or alteration which renders the rock more 

peraluminous. Equilibria such as: 

Bt + Ms = Crd + Kfs + H20 

and 
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illustrate some important controls on the crystallization of cordierite in S

type magmas. Since H2o is on the righthand side for both reactions, a high 

aH
2

0 will favor the formation of muscovite+ biotite assemblages whereas a 

high aA
1203 

or aAl
2

SiOs will favor cordierite crystallization. Since magmatic 

muscovite is unstable below about 3 kb (Burnham, 1967; Kerrick, 1972; Huang 

and Wyllie, 1974) the two-mica assemblage will be stable at relatively high 

pressure. 

The absence of cordierite-bearing granites in southwestern North America 

is conspicuous. Magmas crystallizing cordierite may and commonly do, erupt at 

the surface whereas magmas with water activities high enough for muscovite to 

be stable can only crystallize at higher pressures; at least when the system 

is low in fluorine. Hamilton's (1984} statement that most S-types are "warm, 

wet magmas" generated and emplaced at deep crustal levels must be considered 

in light of the fact that virtually all S-types in the LFB are cordierite

bearing and many are erupted as volcanics. 

Miller and Bradfish (1980) have stated that I-types have "no 

peralumninous minerals." This, and the implication that the granodiorite of 

Harper Creek (Peninsular Ranges Batholith, California) is not an I-type 

because it has 11 biotite t muscovite t sillimanite t garnet" Todd and Shaw 

(1985) are invalid. It has been shown by many (e.g., Green and Ringwood, 

1968; Holloway and Burnham, 1972; Kushiro and Yoder, 1972; Cawthorn and 

O'Hara, 1976; Cawthorn and Brown, 1976) that peraluminous granitic melts may 

coexist with clinopyroxene and hornblende. This means that peraluminous 

magmas could be obtained by partial melting of igneous sources leaving 

residues containing these metaluminous phases. Fractionation could enhance 

the peraluminous nature of such a magma and lead to an increase in Fe and Mn 

relative to Mg. These chemical characteristics would favor crystallization of 
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garnet rather than cordierite from fractionated of peraluminous I-types. 

Although fractionation usually increases the activity of volatile species in 

the melt phase, especially when feldspar fractionation is involved, muscovite 

is unstable in near-surface, low pressure magma bodies and an Al 2sio5 phase 

may crystallize. An example of this is the felsic garnet-andalusite Namungo 

Adamellite of the Berridale Batholith (LFB) described as an I-type in 1977. 

This rock (White and others, 1977) has high Si02 (76%) and low Sr (34 ppm) 

indicative of extensive fractionation. It is not strongly peraluminous (as 

shown by the absence of cordierite) and has mol. Al 2o3J(Na2o + k20 + CaO) = 

1.09; normative corundum is 1.16%. Crystallization of garnet, cordierite, 

Al 2Si05 and muscovite result from the peraluminous chemical composition of a 

magma. The occurrence of muscovite, garnet or Al 2Si05 is not diagnostic of S

type affinities since both S- and evolved I-type rocks can contain these 

minerals. It should be pointed out that a granite containing hornblende 

cannot have an overall peraluminous composition; peraluminous compositions 

determined for hornblende-bearing granites indicate that the analyses are in 

error or that the feldspars of the rock have been extensively altered so that 

alkalis have been lost subsequent to the magmatic history. 

Fractionation of an S-type may lead to an increase in volatile 

constituents (mostly H20 and F) so that muscovite is more common in highly 

evolved S-types such as those associated with Sn mineralization. Typically, 

evolved S-types contain more than 73% Si02, high Rb (> 350 ppm), low Sr(< 50 

ppm) and low Ba(< 150 ppm) compared with average values of LFB S-types (69% 

Si02, 180 ppm Rb, 139 ppm Sr and 480 ppm Ba: White and Chappell, 1983). 

Because of lack of knowledge about mechanisms that give rise to extr~mely 

differentiated rocks, the sources of many evolved granites are .difficult or 

impossible to deduce. For example, the Proterozoic, two-mica Lawler Peak 
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granite of Arizona (Silver and others, 1981) is highly evolved in terms of 

Si02 (75%), Th (20 ppm) and U (20 ppm) and perhaps Rb 339 ppm but Sr (103 ppm) 

and Ba (280 ppm) are still moderately high. 

Magnetite is very rare in LFB S-type granites; the opaque oxide mineral 

is almost invariably ilmenite. All these S-types are "ilmenite series" in the 

scheme of Ishihara (1977). Although most I-types of the LFB contain magnetite 

("magnetite series" of Ishihara, 1977) there are large tracts of hornblende-, 
bearing high-Na granites with ilmenite but no magnetite. A similar 

relationship occurs in Japan and Takahashi and others (1980) have pointed out 

that "ilmenite series" and "S-type" are not equivalent terms. In contrast, 

many two-mica granites of southwestern North America contain magnetite. 

Examples are the Proterozoic Lawler Peak granite (Silver and others, 1981) and 

the early Tertiary, Wilderness Suite granites (Keith and others, 1980) both in 

Arizona, and the late Cretaceous peraluminous granites of the Old Woman-Piute 

Range of California (Miller and Stoddard, 1981). 

All of the S-types of the LFB have low Na, Ca, and Sr relative to!

types. This is considered to be a reflection of the low content of these 

elements in the source rocks. Na, Ca, and Sr are lost when feldspars are 

weathered during the formation of sediments while K is retained in the clay 

fractions along with many other elements adsorbed onto clays (e.g., Ni, V). 

The peraluminous nature of such a sedimentaty source results from the loss of 

Ca and Na not from an increase in Al and, in fact, some I-types of the LFB 

(e.g., Jindabyne Suite; Hine and others, 1978) have much higher Al than S

types. Formation of granitic magma at reasonable temperatures by fluid-absent 

partial melting (Fyfe, 1969; Burnham, 1979; Clemens and Wall, 1981; Thompson, 

1982; Clemens, 1984; Grant, 1985) requires not only enough of a hydrous phase 

capable of yielding H20 for magma production, but also requires a source for 
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the granite components (quartz, plagioclase and K-feldspar). The amount of Na 

is so low in some pelites (e.g., Wyborn and Chappell, 1983) that only small 

amounts of melt could be produced at low temperatures (---650° - 700°C). 

However, breakdown of muscovite followed by biotite at higher temperatures in 

quartzo-feldspathic graywackes with albitic plagioclase + K feldspar is 

capable of yielding large volumes of S-type magma. The S-type magmas of the 

large batholiths are formed in this way. In spite of many statements in the 

literature (Flood and Shaw, 1975; Green, 1976, 1977; Miller and Bradfish, 

1980; Barker, 1981; Lee and others, 1982; Thompson, 1982; Todd and Shaw, 1985) 

we believe that the dominant sediments giving rise to LFB S-types were not 

meta-shales but quartzofeldspathic graywackes with shaley matrices (see also 

Price, 1983). 

ISOTOPIC DATA 

All granites of the LFB are considered to be of crustal origin. S-types 

have 6180 > 9.5°/00 and I-types have 6180 values between 6 and 80/00 • 

Chappell (1984) pointed ~ut that all of these values are higher than those of 

mantle-derived magmas. 

In the Peninsular Ranges Batholith of southwestern North AA1erica, rocks 

· that are clearly I-types have 6180 values of 9 to 120100 • These occur east of 

a line about 70 km in-board of the Pacific coast. This indicates that the 

igneous sources of these granites have exchanged oxygen with surface waters 

(Taylor and Silver, 1978; Silver and others, 1979) but it does not mean that 

the source rocks were sedimentary. 

Initial 87sr/86sr in the LFB batholithic S-types (excluding the Cooma 

Suite) range from 0.706 to 0.715. Although I-types are generally< 0.708 

(Chappell and White, 1974) there are some very radiogenic I-types with initial 
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87sr/86sr up to 0.710 (Compston and Chappell, 1979); these are considered to 

have been derived from old crustal igneous sources (McCulloch and Chappell, 

1982; Chappell, 1984}. In the Peninsular Ranges Batholith, there is a 

positive correlation between initial Sr isotopic ratios and ~18o, with low 

values west of the 70 km line and high values to the east (initial 87sr/86sr 

ranging up to more than 0.707). These data show that there is not only 

variation of Sr and 0 isotopic compositions within the I-types of any 

batholith but that there are also variations in rocks from various regions of 

the world. Such variation is expected in crustal sources of widely variable 

age and geologic history. The granodiorite of Cuyamaca Reservoir and the 

gneissic granodiorite of Harper Creek show gradations from hornblende-bearing 

(metaluminous) compositions to rocks with muscovite¼ sillimanite ¼ garnet. 

The Cyamaca Reservoir granodiorite 11 contains abundant prebatholithic 

inclusions near its contacts with screens11 and the Harper Creek unit 11 contains 

rafts of prebatholithic rock one to several meters long, as well as small, 

partly assimilated inclusions 11 (Todd and Shaw, 1979). These field data 

suggest to us that these are contaminated I-types (see also Silver and others, 

1979; Hill and others, 1982). We stress here that to have any meaning for 

classificatory purposes, the metasedimentary inclusions in a granite need to 

be residual from the source (e.g., White and Chappell, 1977; Price, 1983) not 

country-rock xenoliths. Both the Cuyamaca Reservoir and Harper Creek units 

are syntectonic; they are deformed and sheared against high grade 

metasedimentary wall rocks and all rocks may show penetrative cataclastic 

deformation. Although we accept the generalization that contamination is not 

an important petrogenetic process at the level of intrusion (Shaw, 1974; Marsh 

and Kantha, 1978; Taylor, 1980}, we suggest that it is this tectonic 

environment that is condusive to i) chemical contamination possibly producing 
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higher mol. Al203/(Na20 + K20 + CaO); ii) change of 6180 since oxygen exchange 

is dominantly by surface controlled mechanisms (Cole and others, 1983); and 

iii) increase in initial 87sr/86sr as a result of wall-rock contamination. 

CONCLUSIONS 

Comparison of peraluminous granites of southwestern North America (some 

of which are purported to be "S-types") with those of the LFB in southeastern 

Australia indicates that: 

i) S-type granites occur in both orogenic and anorogenic settings. 

They are not always (or even usually) diapiric, foliated bodies 

associated with regional metamorphism and migmatites. Most are 

contact aureole types and S-type volcanics are common. 

ii) None of the peraluminous granites of southwestern North America 

contain cordierite (which we regared as a reliable mineralogical 

index of strongly peraluminous rocks). Cordierite is the dominant 

aluminous mineral (apart from biotite) in the LFB S-types. 

iii) Many two-mica granites show evidence of extreme fractionation. 

These may be too evolved to determine their source composition. s

types of the eastern part of the LFB (Chappell and White, 1983) are 

not highly evolved rocks. 

iv) Two-mica or garnet¼ aluminosilicate-bearing rocks are just as 

likely to be fractionated or contaminated I-types. Those in the 

Peninsular Ranges Batholith showing gradations to metaluminous 

(hornblende-bearing) types are best interpreted as contaminated both 

chemically and isotopically since they occur in a zone of intense 

synmagmatic deformation. A magnetite-bearing two-mica granite that 

we interpret as a fractionation product of trondhjemite occurs in 
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the zoned Bald Rock batholith of north central California (Hietanen, 

1951; Compton, 1955}. 

v} Most of peraluminous granites of southwestern North America (e.g., 

Wilderness Suite of the Catalina Mountains, Arizona: Keith and 

others, 1980} are high in Na; some are trondhjemitic and some less 

evolved rocks are high in Sr and Ba. In these chemical features 

they are unlike any rocks of the LFB. The high Na and Sr, elements 

normally lost during the weathering cycle, are difficult to explain 

if the source of these magmas was peraluminous. Based on 

experimental data (Holloway and Burnham, 1972; Helz, 1976} and 

chemical composition (Arth, 1979 and references cited by him}, high 

Na granites (and trondhjemites} including peraluminous types can be 

obtained by partial melting of basaltic rocks. Late crystallization 

of K-feldspar in high Na magmas means that ·extreme fractionation is 

probably necessary before Ba and Sr become depleted. 

vi} Whereas I-types may be ilmenite series or magnetite series rocks, 

the Fe-Ti oxide phase in almost all S-types is ilmenite (see 

Takahashi and others, 1980}. Two-mica granites of southwestern 

North America are mainly, perhaps entirely, magnetite series 

granites. 

We contend that S-type granites of the type occuring in the LFB of 

southeastern Australia either do not exist in southwestern North America, or, 

insufficient data have been presented to show that any of these rocks is from 

a sedimentary source. We conclude that until petrographic, accurate chemical, 

and isotopic data are provided for batholithic granites in normal contact 

metamorphic environments (a multi-faceted approach} we cannot accept the 

existence of S-type granites in southwestern North America. This probably 

explains the absence of appreciable tin mineralization in the region. 
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