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ABSTRACT

A study of pelitic rocks from the biotite and lower garnet zone of Barrow in the Dal-
radian shows that: (a) most rocks carrying garnet have chlorite as the only other co-existing
ferromagnesian phase; (b) rocks in the biotite zone rarely carry biotite. comparison of
garnet analyses on the isograd from the Dalradian and other low grade areas shows that the

IwrnoouctroN

The concept of zones of progressive regionai metamorphism is familiar
to all metamorphic geologists. work by Barrow (1893) and later Til ley
(1925) and others has substantiated the principle of correlation of
mineralogical variation with physical parameters, more especiaily tem-
perature. Degrees of metamorphism are recognized by index minerals
characteristic of a particular rock composition. work by Barrow and
Tilley relates specifically to the pelitic rocks found in the Scottish
Dalradian, where zones are defined in terms of the first appearance of
the index mineral. other sequences of minerals have been used, and. it
is by no means certain that the Barrovian suite is typical or even usual.

Irowever, the use of index minerals is sti lr the foundation for work both
on facies subdivision and more complex problems such as partit ion be-
tween coexisting phases and its relation to temperature. For example,
Turner and verhoogen (1960) define the sub-facies of the greenschist
and amphibolite facies in terms of the classic isograd reactions of Barrow.
Mapping of these sub-facies wil l therefore depend on recognition of
assemblages equivalent to those found in the Barrovian sequence or on
mapping by means of index minerals. rn the former case much deoends
on the definitions of equivalence used, and difficultl' exists as to the
precise l imits of the assemblages and their correiations, since different
mineral assemblages wil l overlap with respect to their stabil ity f ields.

These problems may be sorted out with reference to the changing pat-
tern of chemical composition of index minerars, studied. either on their
own or more rigidly in terms of host rock composition and coexisting
phases. rn the latter case it may be possible to define rtore precisery the
equivalence of various assemblages, though compositional variation of
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the host must be eiiminated if the variation in mineral composition is to

be reiated to physical factors. The study of mineral assembiages is related

to the , 'study of the genesis of the crit icai index minerals of the facies in

an isochemical rock series" (Tii ley, 1925,p.35) and it is in this field that

more detailed work is required. Briefl1'further elucidation of facies and

metamorphic grade must sti l l  be concerned in the main with index

Frc. 1. Zonal map of the southwest Highlands of Scotland, showing the

locations of the areas studied.

minerals and their relationship with other coexisting phases and associ-

ated assemblages. Particular interest here is centered on the garnet

isograd, its relation to the incoming of biotite, and the sub-facies of the

greenschist facies.

Rocrs Sruornn

The rocks studied l ie in a broad belt, including the garnet isograd,

which runs southwest from Dunkeld to Loch Lomond (Fig. 1). Particular

attention was paid to the areas around Dunkeld, Balquihidder, Glen

Ogie, Loch Lomond and Crianlarich. The rocks are pelites in the sense

that they contain various combinations of the f ollowing minerals: biotite,

chlorite, garnet and muscovite. Hornblende and epidote are absent, and
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calcite, where present, is of smail amount. Quartz is ubicluitous, and with
increasing modal amount the rocks grade into semi-pelites. A more rigid
definition of the term pelite would obviously involve chemical analysis
of the rock and its relation to the mode. As this paper is concerned with
the use of index minerals in the field, this subject will be limited to a
qualitative discussion, though the ideas expressed here suggest that a
more quantitative account of chemical composition in relation to mineral
assemblages is necessary.

A thin section study of the rocks from these areas shows that many of
the rocks from the "biotite zorte" do not contain biotite. Of 67 rocks
studied from the biotite zone and on the garnet isograd, 16 contained
biotite and of these only 11 contained biotite in excess of l/6. The
dominant ferromagnesian mineral is usually chlorite, which even on the
garnet isograd almost invariably exceeds biotite. Of the 41 specimens on
or to the high grade side of the garnet isograd mostly containing garnet,
30 carrv chlorite alone, while the remaining 11 contain chlorite plus some
biotite, usuall l, '  of small amount (in only two rocks does biotite exceed
57o b:, volume). The results are summarized:

I J J J

No. of rocks examined

Biotite zone 26 5
Biot i te/garnet  8 J
Garnet zone (lolver) 33 8

Biotite present in

(2 less than 1ol, usualll' less than 2lo)
(2 less than 1/6)
(2 greater than Sok)

It may be conciuded that garnet on and immediately to the high grade
side of the isograd in rocks loosei-v- defined as pelitic, occurs more com-
monly in association with chlorite than biotite. It should be emphasized
that the choice of samples in the fieid was somewhat arbitrary in that
specimens which were definitely considered pelitic were chosen on the
assumption that index minerals were present. The presence of biotite in
quartz-felspar rocks at this grade suggest the index mineral host may
have to be more closely defined.

The presence of primarl' chlorite well to the high grade side of the
garnet isograd is of particular interst. Although both Harker and Til ley
discuss the genesis of garnet from a rock commonly carrying chlorite,
there seems to be some need to re-emphasize this as general ideas on
compatible assemblages appear to ignore it. Turner and Verhoogen
(1958) for example, do not include chlorite in any of their pelit ic as-
semblages for the quartz-albite-epidote-almandine sub-facies; "Onl.v
magnesian chlorites persist in this sub-facies and their occurrence is
mainly in magnesian schists" (p. 22\.

The relationships of such rocks is well seen in a sample from the Ben
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Ledi Grit, just to the high grade side of the garnet isograd near Craig
Head, north of Blairgowrie. In this region garnet is very common in
phyil it ic and quartzose rocks as well as in associated green beds. In a
single specimen A 5, two rocks may be seen sharply divided. Although
neither rock contains muscovite, they are essentiall l . pelit ic in character

Tr\er,n 1. Cnpurcer, Amlr,ysns ANo Monss or Per,rtns lRoM TrrE G-q.nNnt Isocn.ql.
Blarncowmn, Scorurp

As(i) As(ii)

SiOz
TiOz
AlzOa
Fezo:
FeO
MnO
Mgo

CaO
Nuro
KrO
HrO+
PzOs

Total

Quartz
Chlorite
Biotite
Garnet
Feldspar
Ore
Accessories

4 t . 1 2
2 4 3

2 2 . 5 6
1  . 8 5

12.68
0 . 4 9
, . t J

1 . 5 4
3 . 4 9
1 . 3 1
4 . 9 7
0.03

99.60

30.2
6 0 . 5

2 . 3
0 . 6
4 . 2
2 . 3

66.02
0 . 8 4

14.11
t . 1 6
5 . 9 2
0 1 1
4  - 1 2
1 . 0 9
4 . 0 2
1 . 3 1
1 . 8 9
0 . 0 4

100.63

60.0
1 5  . 3
1 9 . 1

4 . 2
0 . 9
U . J

and do not contain calcium rich minerals such as hornblende or calcite.
Yet the assemblages are very different. A5(i) contains quartz, garnet and
chlorite whereas A5(ii) carries quartz, chlorite and biotite. The modes
and analyses are given in Table 1, where the different composition and
mineral assemblages are clearly seen. From the analyses both rocks are
seen to be rich in NasO and poor in KzO, and in this sense are related
to the albite schists of the same horizon in the southwest. From the
mode it is apparent that some of the modal quartz must be albite (in
such rocks the albite is rarely twinned and can often be recognized readily
only by its commonly carrying many small inclusions). This is confirmed
when the SiOz content of A5ii is compared to the modal qttarlz, when an
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excess of free quartz over the SiO2 content is observed. The plots of these
two rocks on AKF and AKFM diagrams (Fig. 2) is interesting. Both
rocks plot near the AMF plane as expected as muscovite is absent.
I{owever, the rocks have similar F and M values and differ markedly
only in the A content. A51 plots almost on the muscovite-garnet join,
while A5ii plots well inside the chlorite-biotite field.

Frc. 2. AKF and AKFM olots of analvsed rocks A5I and
A5II, from Blairgowrie, Scotland.

Here, therefore, the assemblage chlorite-garnet is metamorphicall l
equivalent to chiorite-biotite. Noticeably the rock containing biotite also
contains some chlorite, and is the more sil iceous of the two rocks. In
general the rocks carrying garnet along the isograd are essentially
chlorite-quartz |muscovite schists and are without biotite. Rocks with
biotite and garnet do occur at this grade but they are of much more
limited amount.

The growth of garnet on the isograd is of great importance, particularl_v
in understanding the inter-relationships of minerals in the Barrovian se-
quence. Harker (1939, p. 192) presents fine pictures of garnet "growing"
from the existing chlorite, some of which it appears to pseudomorph.

A

FK
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The same relations were observed by Til ley (1926) who suggested growth

"from iaths and scales of chlorite interspersed among quartz grains"
(op.  c i . t . ,  p .40) .Extensive examinat ion of  garnet  on the isograd indi -

cates that garnet growth is often related to the quartz boundaries, and

commonly there is l i tt le evidence of chlorite near the "newly" growing

garnet; indeed garnet is often seen in qtartz stringers with the produc-

tion of curious apophyses and skeletal shapes (Fig.3). Eisewhere, par-

ticularly in albite schists, beautiful smali euhedral garnets are present

Frc.3. Garnetiferous schists: A. Muscovite chlorite garnet quartz schist with small

subhedral garnet. B. Chlorite-quartz garnet schis! with smali garnets shon-iug growth along

quartz grain boundaries. C. Chlorite quartz garnet schist with small clustered garnets in a

quartz matrix.

inside large albites. In phyll it ic rocks sub- or euhedral garnet grows in a

chlorite groundmass without evidence of pushing or pseudomorphing.

Although there is often no contact relationship between chlorite and
garnet, there is a reaction relationship between the two minerals, which

is not simple as chlorite contains l itt le CaO or MnO. It is of interest to
note that hornblende too, when present in verv small amount in these

rocks, is isolated in the quartzose parts of the rock, and it is considered

that these sites, i.e., quartz-quartz boundaries, towards the close of the

deformation probably form high energy positions suitabie for the nuclea-
tion of a new phase.

The composition of garnets from the isograd are given in Table 2,
together with analyses of garnets from the Moines (Lambert, 1959),

Start (Til ley, 1923) and Devon (Phil l ips, 1928).In general the analvses
reveal a common trend. They are all almandines, with relatively poor



1337GARNET ISOGRAD

8$UTP F t rKS  I ;
S ' R - ; - ; S . + o ' , j J  g

4 r N N N  € - O d N b  |  6
N A 6 O i  + o 4 + O H  u )'  ' t ;
c p o o D d  4 N r N C ) C )  _o -  N  

l =

N : €  t r
N D O  I O

n  - i o  l ;
$ B
€ o
Q N

t ^
I Y

I N

l a

I
I N N

4 N  O h D

I  o o  e + r
N

€ i
€ N

N e N r o

r i O N s
O N N

6
4

' a  
;

a =
O N

o - -

N

b 6.o
>  ̂ , ;

J N

o
a

ts
z
o

Fl

z
4

h

2

r l

N

J

F

H O \ N O

J *  m O

qqeqq qqEn
c O O O H O  o e N O
A N N

N O

N

-l
I

N N

€ 4
N

€

$ $ N  t $
O € i  l H

i
< 1  i c o  t o

sarEs EBsBss

N \ O O O €
\ o \ o o € 6

.oo.c i  - i ;
O E N

+ 1  O N
n?a
. o N @

s o i e O
O H i 6 N

d o o d ;
O N N



1338 M. P ATHERTON

MnO and MgO contents (2-6/). The CaO content is of interest particu-

larly in the Dalradian garnets, which confirms Tiliey's suggestion that

low grade garnet may be stabil ized by a relatively high CaO content. The

Moine garnets, too, are rather similar though the iowest grade garnet

has a slightly higher CaO content than those from the Dalradian which

A l m o n d i n e
te

Frc. rl. AKF plots of the subfacies of the greenschist facies.

must be close to the maximum amount found in pyralspites. In generai

these garnets are different from the garnets found at higher grade in the

Dalradian which often have higher FeO and MgO and lower MnO and

CaO values (Sturt, 1963; Atherton, in press). Similar variations have

been observed elsewhere (Engel and Engel, 1960), though care must be

taken to ensure these changes are not direct functions of host rock com-

position.

DrscussroN

The problem of the garnet isograd and more especially its relation to

the biotite isograd has caused much discussion. In the Dalradian biotite

appears at lower grade than garnet, although commonly garnetiferous

M u scovi te

Microcl ine
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rocks on the isograd are devoid of biotite. Elsewhere the absence of
biotite in rocks containing chlorite and garnet has been considered du:
to the stabil ization of garnet at lower grade than in the Dairadian. Thus
in Start (Til lel ' , 1923) and North Devon (Phil l ips, 1928) garnet is present
with chorite and without biotite and here a reversai of the normal se-
quence has been suggested.

Primary us. secondary chloriLe.It may be argued that the chlorite associ-
ated with garnet seen in the Dalradian on and above the garnet isograd
is secondary, possibily after biotite. This would account for the iack of
the latter mineral and the dominance of chlorite. rndisputable criteria
for recognizing secondarl ' chlorite are rarelv present; however the follow-
ing evidence suggests the chlorite is primary.

(1) In rocks such as A 5 chlorite-garnet assemblages are associatecl with biotite chlorite
assemblages, and in these cases biotite shows no alteration and is not involved texturally
rvith chlorite.

(2) The chlorite is clear, *'ithout rutile needles or any other evidence of biotite break-
down.

(3) Almost invariably the garnets associated with chlorite shou, no alteration to chlo-
rite; they have clear peripheries and are often sub- or euhedral. Had biotite retrogressed one
rvould expect garnet to show some alteration too.

(4) Primary chlorite is difierent in colour and form to secondary chlorite found in rocks
of slightly higher grade. Usually the secondary chlorite cuts across the fabric indiscrimi-
nately or forms peripheral margins to garnet or biotite. Primary chlorites have anomalous
blue polarization colours and are optically negative while secondary chlorite has brown
green polarization colours and is optically positive These criteria are general in the
Dalradian, and agree with those suggested by Goldschmidt 

,1gzl) 
for the stavanger rocks,

rvhere "original chlorite is always feebly negative in optical character, i,r,'hile clerivative
chlorite is as a rule either strongly negative or feebly positive,, (Harker, 1939 , p. 222)

Reaction,inttohting the protlucti,on of garnet. As Chinner (1960 p. 213) has
said "knowledge of the reactions which give rise to an almandine rich
garnet at the garnet isograd has not materially increased since Til ley's
(1926) discussion of the problem." In general the following reaction has
been envisaged for the isograd:

chlorite. i q:uartz+ garnet + chloriteb + HrO

The production of chlorite6 which would be more magnesian rich than
chloriteu and its appearance weil to the high grade side of the isograd fits
in with the evidence presented earlier. Alternatively in rocks which
contain biotite, the reaction suggested by Chinner (1960, p. 213) rnay
indicate the stabil ity relations across the isograd:

chlorite * biotiter * quartz + garnet * biotiteu * HzO

although there is no evidence in the Dalradian that chlorite is generalry
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completel.v consumed at the garnet isograd as Chinner maintains (1960'

p. 213). Rocks of such a composition probably contained only chlorite

at very low grade and conversion to biotite took place long "before" re-

crystall ization of garnet. However, the growth of new phases such as

garnet, appears to involve reactions which are not simple breakdown of

pre-existing mineral phases, though obviously these are involved in-

directly in the formation of a new phase. For example, garnet on the iso-

grad contains considerable amounts of CaO and MnO not found in

ihlo.it" in quantity. Obviously all the components in the rock are in-

volved in the production of a new phase, and it is felt that reactions such

as those considered above should be regarded as equations representing

the stability relationships rather than genesis. Under the microscope

garnet appears to grow in a quartz milieu and its formation could equally

weII be expressed, probably more realistically, as follows:

unaltered r".n -.-- 
tnt"tn"#uartz etc'

\chlor i ter ,*garnet  f  quartz

This implies a lack of progressive metamorphism which is in keeping with

the textural and microscopic evidence. I lere we should be more concerned

with looking at lhe chemical characteristics of the host rock rather than

the composition of equivalent lower grade phases.

MnO content of garnet in the Dalradian, Slart anil Deaon. The garnets from

Start and North Devon described by TiIIey (1923) and Phii l ips (1928)

have frequently been used as exampies of garnet occurring in the chlorite

zone, thus suggesting the garnet isogard has shifted to a lower grade

than its position in the Barrovian sequence. In Start (Til ley, 1923) garnet

dodecahedra up to ;f" in diameter occur in quartz-muscovite-chlorite-

albite schists, with incipient biotite. Compositionally the garnet contains

5.8/6 MnO (12.8% spessartite) and FeO in excess ol 20/6' The garnet

from North Devon occurs in mineralogically rather similar rocks. These

contain porphyroblastic chlorite andf or white mica with accessory ore;

Iocally chloritoid is present in large amounts, e.g., Woolgarden Phyll ite.

Phillips' analysis for MnO gives a value corresponding to 12.5/e spessar-

tite, which is the same as Til ley's garnet with respect to MnO content.

Garnets anaiyzed from chlorite-muscovite-albite schists in county Mayo,

Eire, by the author, have MnO contents of 3-5/6; one such analysis is

given in Table 2.
The three cases described here are similar both with regard to the min-

eral association and the MnO content of the garnet, to the garnets

analvzed from the isosrad in the Dalradian, and there is therefore no rea-
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son to suspect that the growth of any one of these garnets is at Iower P-T
conditions than the rest. If this is correct, the absence of biotite implies no
reversal of the isograd, certainly not if one uses MnO content of garnet
and host assemblage as a criterion.

The sporadic appearance of biotite is considered to be due to host rock
composition. Certainly most low grade rocks in the Dairadian carry l itt le
biotite as shown earlier, and a clue to biotite stabil ity may be seen in
rocks such as A 5 (Fig. 2) where the two assemblages occur in the same
hand specimen. Notably the biotite is present in the more quartzose rocks
and is absent in the more aluminous and quartz poor rocks. As chlorite
disappears at higher grade, the presence of biotite must be related to host
rock composition and chlorite stability. Chlorite is often the only ferro-
magnesian sil icate present in many low grade pelit ic rocks, and as its
composition varies considerably, the production of biotite is only per-
mitted if the rock composition does not allow chlorite as the only phase.
Low grade chlorites are aluminum rich, and perusal of the AKFM dia-
gram for A5 indicates this is the most important difference between the
rocks with and without biotite, apart from sil ica content. Thus biotite in
the lower zones will only form if the rock is short of sufficient Al to allow
the production of an aluminous chlorite. As most of the schistose rocks
used for zonal identification have sufficient AlzO:r, biotite is commonly
absent ti l l  the grade is high enough for garnet and biotite to be present in
quantit l '-, i .e., amphibolite facies. Perhaps here too the inter-relations of
chlorite-biotite-garnet may be readily appreciated as the growth of all
three is strongly interconnected through their relative stability fields and
host rock composition.

Garnet wi,th a high M nO content Apart f rom the examples discussed above,
i.e., Start and North Devon, there have been others quoted as evidence of
reversal of isograds, particularly Goldschmidt's (1920) Stavanger garnet
These garnets are different from those cited above in having higher MnO
contents. The argument normally used is that as there is no biotite
present, the garnet is of lower grade than normal and this is due to the
high MnO content stabil izing it at this grade. The Stavanger rocks grade
from quartz-muscovite-chlorite-garnet phyllites to quartz-muscovite-
chlorite-biotite-garnet phyllites and both chemically and modalll' are
comparable to the rocks described above. Thus they are aluminum rich
phyllites which would be expected to carry chlorite on the garnet isograd
as do similar rocks from Start and the Dalradian. With regard to MnO
content the evidence is not clear; MnO rich garnets are by no means con-
fined to low grade rocks. Clifford (1960), for example, presents a garnet
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with 56/o spessartite from the sillimanite zone coexisting with biotite'

Here, as in most examples of MnO rich garnets from metamorphic rocks,

e.g.,I lutton, 1940, host rock composition, particularl l 'MnO content, has

been much the most important single factor. It is held that in view of the

limited data, although MnO does occur in some low grade garnets, it does

not necessarily imply that a high MnO content is correlatable with low

grade. As Harker has shown (1939, p. 54) manganese rich garnet occurs

"aiter" biotite in many thermal aureoles.
Indirect evidence from felspar composition substantiates the conclu-

sions reached above. Thus six felspars from the garnet isograd in the DaI-

radian range from An2-An6, while Goldschmidt's quartz-muscovite-

chlorite-garnet phyli ite has felspar of a composition Anz 5. Although this

type of evidence is not conclusive, it does suggest, together with the gen-

eral equivalence of mineral assemblage, that the rocks recrystall ized at

"normal"  garnet  grade.
Apart from the analyses discussed earlier, Table 2 shows analyses of a

few selected garnets from rocks of different composition than the pelites,

though the grade is similar. Analysis 11 is from a garnet-biotite-clinozoi-

site-albite amphibolite (Achahaish, Scotland, Wiseman, 1934) which is

surprisingly similar in composition to the garnet from neighbouring

pelit ic rocks.l The rock is on the garnet isograd, though the host is of

radically different composition to the surrounding rocks. Number 12 is

from the Omi schist (Mi-vashiro and Banno, 1958) which may be divided

into chlorite and biotite zones, the former containing rocks with glauco-

phane, chlorite and rare garnet (the analyzed garnet is from a rock of this

type). whereas the biotite zone rocks contain biotite and almandine but

lack glaucophane. Chlorite is also present at this grade, but it disappears

at higher grade. The most common assemblage is almandine-chlorite-

muscovite-biotite-albite-quartz. Miyashiro and Banno (1958) conclude

that the biotite and garnet isograds are coincident; indeed their higher

grade assemblage is similar to that seen along the isograd in the Dalra-

dian, while the garnet is very close in composition to isograd garnet. Gar-

net 13, from Kotu, Japan (Banno, 1959) is also from a glaucophane rock

and is rather similar in composition to garnet 12, especially with regard

to the CaO and FeO values.
The grade relations of the garnets mentioned above are not very clear,

with the exception of Wiseman's amphibolite which iies on the garnet iso-

grad as defined by Tilley. However, there is a strong similarity even in

garnets from such widely different environments as these, to the garnets

discussed above from the Dalradian'

I It may be noted that the Fe2O3 in this analysis is high and probably present in the

garnet as FeO.
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TnB PnonucrroN oF Isocnan Mrxnners

The presence or absence of a particular mineral or assemblage is de-
pendent on three sets of variables:

(a) The physical parameters specifying the assemblage, i.e., T, P, P112e etc.
(b) The kinetics of the reactions producing the assemblage.
(c) The composition of the host rock.

Generally variations due to (b) (particularly with reference to index
minerals) and (c) in the type of rock suite studied, are not considered to
be important factors in the production of a mineral assemblage. Thus all
rocks generaily called "pelit ic" are considered to show successively
chlorite, biotite and garnet. I{owever, the variations within this group
indicate that the chemical variation is sufficient to produce different as-
semblages at the same grade, e.g., chlorite-biotite, garnet-chlorite. The
absence of a biotite phase in this case is entirely a function of host rock
composition at this grade. Generally the lack of biotite in many Dal-
radian "pelites" of greenschist facies is due to the fact that the rocks
plot above the chlorite-muscovite join of the AKF diagram, i,.e., they
are aluminum rich sediments. Such rocks at higher grade produce
the kyanite, staurolite rocks common in the Dalradian. The crystall iza-
tion of biotite in such rocks will be inhibited until the amphibolite facies.
In the sense that we are using two difierent host compositions to define
one mineralogical sequence, we could consider isograd inhibit ion, and this
is presumabll, what Harker (1939, p. 218) meant when he said "perhaps
we should see here rather a postponement of biotite than a promotion of
garnet.t '

At this point it is pertinent to discuss isograds in a more general way.
Although some isograds involve simply polymorphic change, most are
dehydration reactions of the type discussed by Thompson (1955) and
Francis (1956). Such reactions when related to a particular composition
may be considered univariant if the mobile phase, i.e.,IJ2O in this case,
is dependent on the pressure and temperature distribution in the crust.
If the mobile phase is independent of pressure and temperature the curve
or boundary becomes bivariant. General opinion indicates that the chem-
ical potential of HzO has some relation to the temperature and pressure
in the earth's crust, in which case we can regard the curves as univariant,
when referred to a given composition (Thompson, 1955). Considering the
production of garnet as discussed here, which may be a dehydration reac-
tion, there is little evidence of variation in the position of the dehydration
curve from area to area. Generally indirect evidence of mineral assem-
blage and felspar content suggests any variation in the absolute sense is
not discernible, at least by present methods. I lowever, this argument re-
fers principally to the incoming of garnet in the Dalradian and Start etc.
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where the composition is the same, suggesting that the reaction took

place under the same P, T conditions and in rocks of the same composi-

tion. It is perhaps interesting to refer to Wiseman's (1934) garnet from a

basic rock, which is of similar composition to the garnet from pelites. In

both basic and pelit ic rocks garnet "comes in" with the same composi-

tion. The simiiar composition of garnets at this grade, their definite entrl '

in the field and their appearance in most cases with a simliar assemblage

point to the univariant character of the boundary and its similar position

in different terrains.
The sensitivity of such reactions as opposed to the constancy of their

field appearance strengthens the view that Psre is not an independent

variable and its effect on the reiative position of dehydration reactions is

small (see Francis, 1956). As isograd reactions are commonly dehydration

reactions, they are most sensitive to T and Pqr6. If one assumes (Turner

and Verhoogen, 1960, p. 506) that P and T increase together in the earth's

crust and Pn:o: Pr and Pr: Pr approximately, then these curves wil l have

steep positive slopes and will be equivalent to an isothermal. As the rela-

tive importance of P and the relation of Pr to P r is as yet l i tt le understood,

the isograds are here treated as isothermals.
This being so, the displacement of an isograd is a function of the bulk

chemistrv of the rock, i.e., variations in MgO, FeO, Al2Or, MnO, etc. The

incoming of biotite is certainly a function of bulk chemistry, in the sense

that in rocks with high aluminum content biotite does not occur ti l l  a

much higher grade than in less aluminum rich rocks. As most of the rocks

studied in the Dalradian are rich in Al2O3, rocks with biotite are not com-

mon in the greenschist facies. Barrow's zonal sequence is developed on

aluminum rich pelit ic rocks, and in these the biotite and garnet isograd

are almost coincident. A more rigid definition of pelites in terms of chemi-

cal composition would eliminate confusion due to host rock variation.

Garnet appearance is not the same; it comes in abruptly in rocks rich in

AIzOa, and also in more quartz rich rocks. The MnO, FeO, MgO values

have litt le effect on the appearance of garnet in A5, where the F and M

(including MnO) values are essentially similar. Again the most important

factor appears to be the ratio of AlrOa to FeOiMgO, although the pres-

ence of garnet is much less l imited than biotite in the greenschist facies of

the Dalradian.
The composition of garnet is the same in Eire, Scotland and S.W-

England, where MnO content does not appear to have to be necessarily

over 5/s or so to stabilize garnet at low grade. In conclusion it may be

said that no reversal of isograds in the same rock type is required to ex-

plain the data observed, which is merely a reflection of initial host rock

composition and the stabil ity of chlorite, biotite and garnet.
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Ge.nnnr, Brorrrn Sraerrrry AND THE GnnnNscnrsr Fecros

This interpretation of low grade isograd reactions has some bearing on
the subdivision of the greenschist facies which is based on the two isograd
reactions discussed here (Turner and Verhoogen, 1960). It is not surpris-
ing that facies boundaries are defined in the main by equations involving
the production of pelitic isograd minerals as this host rock is particularl-u-
sensitive to external physical conditions. The difficulty in facies correla-
tion lies in defi.ning the boundaries across a varying composition field.
Turner and Verhoogen use reactions (1) and (2) below to subdivide the
greenschist facies into the following three sub-facies:

(a) quartz-albite-muscovite-chlorite.
(b) quartz-albite-epidote biotite.
(c) quartz-albite-epidote-almandine.

The reactions defining the boundaries between (a) & (b) and (b) & (c)
a re :

(1 ) muscovite*chloriter+biotitef chlorite2
(2) chlorite.f quartzrgarnet+chloriteb+HrO

respectively. In both cases the chlorite on the high grade side of the equa-
tion wil l be more MgO rich than the lower grade chlorite. The products of
these reactions have been seen to be facies equivalents and although re-
action (1) may occur at lower grade it does so only within a l imited com-
position field. This reaction is common in rocks with an AlzOe/MgO* FeO
ratio lower than in rocks not carrying biotite (Ambrose, 1936). The gen-
eral appearance of biotite in aluminum rich rocks is rather similar to that
of garnet. Miyashiro and Banno (1958) reached a similar conclusion in
their work on the rocks of the Omi district of Japan, where they thought
the biotite and garnet isograds were coincident.

In the Dalradian (Harker, 1939) the general sequence of pelit ic assem-
blages is as follows:

[(a) quartz sericite-chlorite (-albite)
1j (b) quartz-muscovite-chlodte (-albite)

[(c) quartz-muscovite or sericite (-albite-chlorite)

[(a) quartz-muscovite- chiorite (-albite)

r.J (b) quartz-muscovite-chlorite-biotite
- 

l (c) quartz-muscovite -chlorite-green biotite

l(d) quartz-biotite-albite (-muscovite)

f(a) quartz-muscovite-chlorite garnet (-albite)
(b) quartz-muscovite-biotite-garnet (-albite)

3] (c) quartz-biotite----chlorite-garnet (-albite)

I (d) quartz-biotite chlorite (-albite)

| (e) chlorite-muscovite-chloritoid (-albite-quartz)
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Numbers t, 2 and 3 refer to the sub-facies of the greenschist facies

roughly equivalent to Turner and Verhoogen's sub-facies' In particular

2a is the common pelit ic assemblage in the Dalradian. 2b and 2c are of

much less frequent occurrence, and 2d seems confined to more quartzo'

felspathic rocks.
Apart from the status of biotite in the subdivision of the greenschist

facies, the place of garnet and chloritoid is of interest. The garnet referred

to above is almandine garnet of a composition as indicated in Table 2 and

there is l i tt le doubt as to its relative position. Spessartite garnet is placed

by Turner and Verhoogen (1960) at much lower grade than almandine
garnet, e.g., in the quartz-albite-muscovite-chiorite sub-facies' This is

based on isograd work in New Zealand where the garnets are from man-

ganiferous schists (Hutton, 1940). The occurrence of spessartite is not

confined to rocks of low grade (see earlier, Clifford (1960)). Hutton
(1962) cites an example with two different types of garnet from the same

localit l ' ,  one as small euhedral garnets in a quartz-glaucophane-sti lpno-
meiane schist, the other Iarge garnet porph,vroblasts from a glaucophane-

pumpellyite-epidote schist. These two analyses are:

2

38.05
2 r . 7 3

. J I

trace
4 .  5 8

21 .08
4 . 2 6
9 . 5 7
0 . 0 7
0'. 1s

100 .06  99 .80

1. Small euhedral garnet. San Juan Batista Mine, San Jose.
2. Large porphyroblastic garnet. Locality as for garnet 1.

It is not easy to generalize from Hutton's data as these rocks are of

basic character and hence diffi.cult to correlate with the pelitic paragene-

sis. Hutton (1962) suggests that the two different types may have formed

"under diverse conditions of temperature and pressure," though both

come from the same locaiity. Hutton, however, also states that "determi-
nation of the physical properties of coarse and fine garnets fuom the same

specimens, in several instances, also indicates the coexistence of garnets of

dissimilar composition in rocks of the glaucophane schists facies" (1962,

p. 131). General geological data does not favor this interpretation,

Sio:
Al2os
FezOi
TiOz
Meo
FeO
MnO

CaO
H:O+
H:O-

1

35 .95
20 79

.46
-  1 . )

. J I

5 .86
. t 3 . l z

2 . 5 6
0 .09
0 . r 7
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especially with regard to mineral composition and coexisting phases,
which show remarkably uniform characters over large areas, e.g., Kretz
(1959) and Mueller (1960). rt seems likelv that host rock control is much
more important (see also Chinner, 1960). In low grade rocks an,,early"
garnet of the composition discussed in this paper, is here considered
equivaient to a spessartite. ' fhe garnets quoted by Hutton (1962) are
good examples of this. Garnet 2 is exactly comparable to the ,,earl1."

garnets from the Dalradian, while garnet 1 is typical of garnet from meta-
morphosed manganiferous sediments (Ctifford, 1960).

The appearance of chloritoid is more difficult to understand than that
of garnet and its relation to the Barrovian isograd sequence somewhat
obscure. Harker (1939) and Turner and Verhoogen (1960) place it in the
chlorite zone and quartz-muscovite-chlorite sub-facies.

In the Stonehaven section, it occurs first in Perthumie Bay, occasion-
ally accompanied by small garnets. "By the time chloritoid reaches its
best development the biotite has completell '  given place to garnet, the
schists now being definitely in the garnet zone" (Will iamson, 1953, p.
354). In the chiorite phyll ites of the upper Devonian of North Cornwall,
chloritoid is developed and also garnet which contains t2.5/6 spessartite.
This is exactly the same as the garnets from Start (Til ley, tg23) and the
Dalradian analyzed here. Harker (1939, p. 2I3) places this chloritoid
schist in the chlorite zone, though garnet is present in the nearby Delabole
slate as well as in the associated chlorite phvll ites (phii l ips, 1928, p. 550).
In County Mayo, chloritoid and garnet coexist and in Duchess County
chloritoid and garnet porphyrobiasts occur in a ground mass of qLLartz,
sericite and albite (Barth, 1936). rt would seem that chloritoid is stable at
the top of the greenschist facies at approximatell,- the same grade as
garnet.

The stabil ity relations of the greenschist minerals from peiit ic rocks
differ in detail from those presented by Turner and Verhoogen (1960),
particularly with respect to chloritoid, biotite and garnet-chlorite sta-
bility fields. The limitations of AKF diagrams with respect to mineral
equivalents such as garnet-chlorite, are obvious and suggest such dia-
grams should serve as guides only to mineral paragenesis. The limited
knowledge of the compositional variation of chlorite and biotite in the
greenschist facies makes the positions of the tie Iines somewhat tentative,
while it is impossible to put garnet on a three component diagram, as low
grade garnet contains considerable CaO and MnO, neither of which is
represented on the diagrams. The sub-facies division of Turner and Ver-
hoogen is kept with the minor modifications discussed above (Fig. 3),
though commonly in pelitic rocks the diagnostic assemblages carrying
biotite are rare, especially in Dalradian type rocks.
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CoNcr-usroNs

In pelitic rocks from the Dalradian the simple index mineral sequence

as suggested by Barrow requires some qualif i.cation. Thus in many rocks

from the biotite zone the index mineral is absent, although this of course
does not invalidate the use of the isograd, which is defined in terms of the

advent of biotite. In aluminous rocks biotite "comes in" about the same
grade as garnet so that the usuai assemblage on the garnet isograd is

quartz-chlorite-garnet-muscovite-(biotite). In rocks richer in SiOz and
poorer in AlzOa the assemblage is quartz-biotite-chlorite-(muscovite).
Here then the assemblages chlorite-garnet and biotite-chlorite are facies

equivalents. The association of garnet with chlorite therefore in alumi-
nous rocks, does not mean that the garnet is stabie at a lower grade than

normal. The MnO content of garnet on the isograd from the Dalradian is

similar to that of garnets from Start and North Devon, both of which oc-

cur in chlorite rich schists of supposedly chlorite grade. It is held that

there is no reversal of isograds in these areas, if the MnO content of garnet

and coexisting phases and assemblages are considered.
Frequently the presence of MnO as a stabil izing influence in the garnet

structure has been used to explain the presence of garnet in a chlorite

zone assemblage; however the presence of MnO at varying grades and

even showing considerable variation at the same grade suggests host rock

control is of far greater importance. Essentially the problem of isograd

sequence is in defining a strictly isochemicai rock series, for rock composi-
tion controls for example, not only biotite composition, but also its pres-

ence or absence at a particular grade, within rocks usually termed pelites.

AcrNowtpocMENTS

This work forms part of a larger program of study on the chemical
mineralogy of metamorphic rocks, carried out at the University of Liver-
pool with the aid of a grant from the Department of Scientif ic and Indus-

trial Research.

RBrunrNcns

Aunnosn, J. W. (1936) Progressive kinetic metamorphism of the Missi Skerries, near Flin-

flow, Manitoba. Am. Iour. Sca., 5th Ser., 32, 257-286.

BeNNo, S. (1959) Notes on rock forming minerals. (10) Glaucophane and garnet from Kotu

district, Sikoku. -/oar. Geol. Soc. Jopan,65,658 663.

Bannorv, G. (1893) On an intrusion of muscovite-biotite-gneiss in the South-eastern High-

lands of Scotland, and its accompanying metamorphism Quart. Jour GeoI. Soc.

London49,330 358.
Benru, T. F. W. (1936) Structural and petrologic studies in Duchess County, New York.

Part IL Petrology and metamorphism of the Palaeozoic rocks. Bul'l '. Geol Soc. Am 47,

775-8s0.
CnrNNrn, G A (1960) Pelitic gneisses v'ith varying ferrous/ferric ratios from Glen Clova,

Angus,  Scot land.  Jour.  Petro logy 1,778 217.



GARNET ISOGRAD 1349

ctrrloro, T. N. (1960) Spessartite and magnesium biotite in coticuie bearing rocks from
Mill Hollow, Alstead Tos'nship, Ne'''Hampshire, U.S A Neues Jahrb Minerol. Abh.
94,7369 14n0.

ENcrr., J. eNo c. S. ENcnr (1960) Progressive metamorphism and granitization of the
major paragneiss, north-west Adirondack Mountains, Nelv york. part rL Mineralogy.
Bul l .  Geol .  Soc Am.7l .  1-58.

F-RANcrs, G. H (1956) Facies boundaries in pelites at the middle grades of regional meta-
morphism. Geol,. M ag. London 93, 353-368.

GoroscHmor, v. M (1921) Die Injektionsmetamorphose im Stavanger Gebiete. s,tr.
Nord.he Vidensh Akad.., Mat. nat Kl, lO.

HARKER, A. 1939. Metamorphism.2nd ed. Methuen & Co., London
Huttow, C. O. (1940) Metamorphism in the Lake Wakatipu region, Western Otago, New

Zea,land. New Zealand. Dept. Sci. Ind.. Research, Geol. Mem. S.
--- (1962) Conposition of some garnets in lorv grade schists. Zraras Roy. Soc. Neu

Zealand. l. 129-133
Knrrz, R (1959) chemical study of garnet, biotite and hornblende from gneisses of South-

western Quebec, with emphasis on distribution of elements in coexisting minerals.
Jour.GeoI 67,371 402.

Lelrnrnr, R. Sr. J. (1959) T'he mineralogy and metamorphism of the Moine schists of the
Morar and Knoydart districts of Inverness-shire. Trans Ro1, 5or. Edi,nburgh 63, 553-

- 5 8 8 .

Mrvasnrno, A. (1953) calcium poor garnet in relation to metamorphism Geochim. cos-
mochim. Acta. 4. 179-208

--- (1961) Evolution of metamorphic belts. Jour. Petrology Z, 277 311.
--- AND S. BaNxo (1958) Nature of glaucophanatic metamorphism. Am Jocw. Scd.

256,97,110.

Muor.r.rn, R. F. (1960) Compositional characteristics and equilibrium relations in mineral
assemblages of a metamorphosed iron formation. Am Jour. Sci. Z58, 449-497.

Pnrttrrs, F. c. (1928) Metamorphism in the upper Devonian of North cornwall. Geol.
Mas. Lond.on 550-556.

Rnunnnc, H. (1952) The Ori,gi.n oI Metamorphic and Metasomatic Rochs. The University of
Chicago Press.

Srunr, B. A. (1962) The composition of garnets from pelitic schists in relation to the grade
of regional metamorphism. Jour . Pelrology 3, 181-191.

TnorrsoN, J. B. (1955) 'fhe 
thermodynamic basis for the mineral facies concept. ,4r2.

Jour.Sci .263,65 103.
--- (1957) The graphical analysis of mineral assemblages in pelitic schists . Am. Minerol

42,842 858.
Trllrv, C. E. (1923) The petrology of the metamorphosed rocks of the Start area, South

Devon. Quart. fouy . Geol. Soc. London79,172-204.
--- (1925) Metamorphic zones in the southern Highlands of Scotland. Quarl. Jour. Soc.

Lond .on8 l , 1G110 .
--- (1926) Some mineralogical transformations in crystalline schists. Mineral Mag. 21,

34-43.
TunNrn, F. J. exn J VnnnoocrN (196O) Igneous ond. Metamorph,ic Petrology. McGraw-

Hill Book Co., New York.
WrllrArtsoN, D. H. (1953) Petrology of chloritoid and staurolite rocks north of Stonehaven,

Kincardineshire. Geotr. Mag. London, 90, 353-361.
Wrsruau, J. D.H. (1934) The central and south-r.est Highland epidiorites: a study in pro-

gressive metamorphism. Qua.rt. Jour. Geol. Soc London,90,35Ml7.

Ifanuscriplreceited, February 11,1961; atceptedJor publieation, May 21,1961.


