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PHYSICO.CIIEMICAL ANALYSIS OF I}IINERAL

SKARNS.PARAGENESIS IN ZONED

M. T. ZrN

Department of Geology
Bandung Institute of Technology

Looking up into the sky one sees the celestial bodies moving along defined
orbit. And down in the realm of rocks and minerals a certain pattem prevails,
No matter rv-hat is the cause or wetner it has any, the order is significant,

ICHTISAR

Proses mettsomatis jottg rnerupakan proses dimana terlibat
perubalnn komposin kimio setjara keselunthan (bulk con-
posLti'ttt) dori kelompokz mineral teertentu (mineral &ssern-
bloge) ternjata dapat diterangkan dengan pnnsipz "phase-
rule" dori Gibs adn ad"a hubungonnjo d.engon thermodgna-
micu.

Proses metasomotis mengeluarkan mineral jong karakteris-
tik dan stabil &hnano konsep dori "rnineral focies" d,apat
d,ipokaL.

I. INTRODUCTION

Since Goldschmidt published bli's,,Kontactnaetamorph.ose d,ee lKnsti-
ana-Gebietes," much attention has been given to the formation of zoned
skarns in contact aureoles of granitic and granodioritic rocks and lime-
stones, and this paper will partly give an illustration of several zonal
arrangement of skarn rocks, and partly about the facies classification
and the physico-chemical analysis of the mineral paragenesis.

Progressive replacement of limestone inclusions in granite at Ballyna-
carrick Co., Donegal, is reported by Gindy (1950). He mentioned the
occurrence of a skarn armour made up of definite mineral zones in
limestone inclusions in granite. From the granite intrusive outward, zones
of hornblende or diorite, plagioclase, pyroxenes, clinozosite and gros-
sularite (with or without idocrase) have been observed in successive
order. The replacing nature of the grossular and idocrase of the marble
is microscopically to be seen. Idocrase replaces the diopside calcite
mosaic as well as any grossular that may have formed in it. According
to Gindy, it is impossible to solve the time-relationship between gfossular,
idocrase and wollastonite. His opinion is namely that these minerals were
formed roughly at the same time, their order of production being
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dependent both on the composition of the diffusing material (and this
is neither constant in time nor in different parts of the limest<lnes) as
well as upon the different rates of diffusion of the various ions.'I'hese different zones are not "static", but move into the limestone, each
replacing the one preceding it and being replaced by the zone following
it. See l'ig. 1.
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Gindy conciuded that it is due to the physico-chemical conditions that
the difference in mineralogical constitution and order of the differeirt
zones of the skarn armour are formed.

3. Zoned skarns are also reported from granite-marble contacts ne.ir
Puyvaladol by Weters, (1957), in the Quericut aLea, eastern P1,re-
nees. Waters calne to the conclusion that contact metamorphism of the
lirnestones and calcarecus siliceous rocks during granitic intrusion rvlis
followed by metasomatic replncement of the marble, which produced
the up to 10 cm zoned skarns. Under pneumatolitic conditions
interchange of silica, alumina and lime should have teken
place between granite and marbie. I{e also described the occurrence
of zoned wollastonite-grossular-clinozoisite skarns at the contact. Beside
these 3 main characteristic minerals he noticed the presence of diopsides
(constantly present though in small amount), phrenite (very uncommon),
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idocrase (widely distributed, though in
sociated by epidote, calcite, pyrrhotine
crocline). See Fig. 2 and Fig. 3.

MINERAL PARAGENESIS IOi

small amount), hornblende (as-
and minor plagioclase and rni-
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The formation of clinozoisite rvas deseribed to the aecumu,lation of
volatiles in the erystalizin.g modified granite. The presence of this
mineral indicates to the author of relatively high pressure.

4. Another exdmple of a zoned skarn is the one described by Burnhan,
(1959) from Crestmore, in California. Here, a plutonic mass of quartz dio-
rite. end a relatively small pipe like hypabyssal mass .rf quartz diorite, and
a relativclt '  small pipe l ike hypabrtssal mass of quattz monzonite porphl'rv
inti:u.ded into the magnesian marbles and caused the fcrmation of se.zeral
zoned skarns.
The exomorphic effec'ts of the carbonate rocks, which has been eng'rlfed
n.rtly by quartz diorite can be seen as;
a. formation of 30 em thick meiasomatie silicate contact rocks cornposed

of diopside, wollastonite and grossularite.

b. a conversion of nearly all the magnesian-bearing carbonate beC-s
to per:iclase marbles.
The vorrnger quartz monzonite porphvrv iniected into ';he marblp
is nearly all contaminafed on aecount 6f lsastive assimil-ation. givine
rise to a 15 meter thick aureole rvith the following mineral zones :

c. garnet zone (grossularite, u'ollastonite, diopside - in deereasing
amount.

d. idoerase zone (idocrase only).
e. monticellite zone (mainl!' monticellite in association of clinohumitc,

euspidine, ellestaciite, forsterite, meli l i te, merlvinite, per.lvskite, spllr-
l i te. t i! le;, ' i te, xanfophl' l l i1c). -See Fig. 4.
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The chemical composition of three zones is given in Table I,
Table II, and Table III. From the difference in chemical composition
in the three zones, the acccmpanying mineralogic differences can
be ;een.

si rn the monticell i te zone is
The atomic ratio

Ca f Mg in the sarnet zone

1
1
1

: 2
:  1 .5
: 1

II.

nt .

Zonation of mineral assemblages reflects a corresponding zonation
in the bulk chemical composition in the rocks, as shown by the
lhanges in the ratio of metasomatic to indigeneous constituents
(Si + Al f Fe) (Ca * Mg) from 0.66 in monticell i te zone, 1.15
in idocrase zone and 1.62 in garnet zone.
Also in the monticell i te zone itself a tendenev of zonation ean be
seen. fn the silica rroor and calcite rich part : el.inohumite, forsterite,
spurrite, and spinel are coneentrated; and in the sil ica rich innerpart,
merivinite, cuspidine, mili l i te are concentrated.

PHYSICO.CHNI4ICAI, ANAI,YSIS OF THE MINERAI. PARAGENE.
SIS AND METAMORPHIC FACIES OF THE SKARN ROCKS.

From the above dcscription it is clear that the number of minerals in
zoned skarns in contaet aureo'[es of granitic/granodiorit ic roelcs and
Iimestones/marhles are limited. Besides, there are tvpical minerals which
are constRntly found srreh as wollastonite, diop.ide, grossularite, ete.
The oue-sti^n- is now. what are the factors vrhich control this mineral
assemblage ?

Already in 1.912 Goldsehmidt using Gibb's phase rule. F: e L 2 - p
(announeing that the number of stable minerals in a roek shall no+ h'"
larqler than the number of eomponents) sr,receeded in 5l16rrrinf, that fr 'nn
altrmina. l ime, fer:romegnesia, seven minerals u'i l l  fcrm that are stable
u.nder the conditions of contact metamornhism. Tt-e minerals are an-
dalus i te (A11'SiO.) .  cord ier i te  (Mg'Al ,Si rO, . ) .  anor th i te  (CaAlpSi 'O*) .
hvnersthene (Mg,Fe) SiO3. diopside (Ca /Mg,Fe) SirO6). grossrtlarite
(CarAI::SirOs). hynersthene (lVTqrFe) SiO3. diopside (Ca (Mg,Fe/ Si2On),
gross'rlarite (CarAlrSirO'), rvollastonite (CaSiO,,) See Fig. 5.

Na.tural hornfelses very closell' follorv this theoretical mineral association,
which shows that a state of chemical equilibrium is approached. However,
nonadjustment of eqr-r:.librium does occur in connection vrith special
geological conditions. When pure calcareous sediments come in contact
with effusive rocks where high temperattrre prevails for a short time onlv
and cooling is ral:id, anomalous minelal assemblages can be formed with
rare mineral species, some of which have to be regarded as metastable
forms and some as high temparature forms such as melilite, {ossaite.
merr,l'inite, larnite, scawtite, spurrite, rankinite, monticellite and
perovskite.

8. Igneous intrusion does not provide high temperature and pressure only
btrt the accompanying magmatic gas phase will provide water and other
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volatile compounds resulting il pn6umatolysis and metasomatism. The
primary magmatic gases are acid and show in consequence high re-
activity. If the eontact rock is basic (limestone/marble) the acid gascs
will react effectively with it. Limestone therefore reacts as a filler,
capturing the escaping gases with the formation of a gteat variety of
reaction minerals ; the corresponding rocks are known as skarns.

Thompson (1955) made a remark that in a metasomatic assemblage the
content with respect to certain components is related to enviromental
conditions rather than to an initial bulk condition. The chemical potential
of these components will be fixed by environtal conditions. In an as-
semblage occupying a finite volume we should expect that these chemical
potentials would in general vary from point to point, independently of
plessure and temperature.

In a metasomatic process, rvith the equilibrium factors T, V, a, Uf Uk
and under constant external condition, T, Uf, ... Uk, rvith Jin -Cm f 1.
The state of the system is completely defined by the values V, a, b, ... e.
And we have:
f i , t . , :  f . r ,  l t ^ :  C t  *  C -  +  2 - p  - J i ,  :  C r  *  1 -  p .
So the maximum number of coexisting minerals here (with arbitrary
conditions) is C1 f 1 since rvith this number the system becomes in-
variant (f ;.1., : 0) Korzhinsky, (1957). Usually one of a perfectiy
minerals in the system is composed only of the perfectly mobile com-
ponent (It is deposited from pure solutions and occupies vacant spaces
in roeks). The change of the total volr:me in the presenee of a perfectly
mobile mineral changes the content of the latter only and does not affect
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other parameters of the system and in particular, the composition
of the minerals. The inert components controt trr" .y.t rr, 

"*""pt 
for the

perfectly mobile mineral. so, each paragenesis in the 
"yrt"^ 

with three
inert components, may contain also i mobile mineral. And in the
metasomatic prooess it is quartz or calcite.
Korzhinsky, (195?) stated that at each front of repracement there
should occur a complete replacement of one of the miner"L, i"a"p""dently
of the volume relations. Further he stated that coexist""."lfi-o polrrmo"--
phic forms is not caused by the restriction of volume. the possibfiiy f-or the
coexistence of two such forms is only under definite pressuie for a
given temperature, while in metasomatism the pressure on minerals is
controlled by the concentration of solution.

Metasomatic rocks have very characteristic and stable mineral as-
sociation. so, the author of this paper is fully convinced that the facies
principle 

-can be applie-d notwithstanding the lact that it is impossible to
classify all the mineral assemblages of the skarn rocks into one metam-
orphic _ facies, which is acco.ding to the author 

" 
prtof thut ,he

mineral assemblages of all zoned skarns are not origlnated under the
same condition, and he suspects that any zoned ri""r, 

""p"esents 
a

rather narrow pressure-temperature range.

The skarn rocks with the mineral assemblage : grossularite-wollastonite-
diopside in crestmore and puyvalador should bf grouped into the pyro-
xenehornfels facies defined 

-by 
Fyee-Turner-arid ierhoogen lisssySee Fig. 6. The exomorphic effect of the quartz diorite on th"e carbonate

t2.

at .$ab". fC

q.tpr. Obrut ryftslht

" 
r' 
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r, ACr' araT ram rer

rocks chraeterises lrigh- P_co2. Also highly temperature prevails. This mi-
neral assemblage also belongs to the hornbende ho"ntels-tacies, but the
absence of micas and amphiboles exclude it from trri" f"ci.s. The garnet
zone with wollastonite,_diopside, grossularite is clearly formed it th"
expense of the rocks of the idocrasJand. monticellite zone. Table II showsthat (Si + Al + Fe)/(Ca * Mg) =1.4 X as large io theld,o.r"* ror,",
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and 2.5 X as large as the monticellite zono. CaroMg2AllSirO3a (OH)r *
3 SiO, ---> 3 Ca3Al2SiO3Ors f 2 CaMgSi:Oo * 3 CaSiOr -l- }{rO
(1 idocrase f 3 siiica -> 2 grossularite f 2 wollastonite f 2 diopside

f 2 water) ;
Addition of silica to monticellite only produces the 3 minerals of the
garnet zone.

13. On the other hand the rninerai assemblage described l,y Ciirrdy from
Ballynaccarick has to be classifieci into hornblende-homfels subfacies of
the almairdine amphroblite facies (see Fig.7). This facies is typical for
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( u m t n g t o d i l e

Quarltf, g I A ! n an itr" tntp.k ibo /i/e /o t t s s, 5 Jo u r o /t'/ t
|u i /or tes (  t r tets StO2 )

high grade zones of progressive metamorphism. Lr this contact rocks as
well as in those of Pulzvqlqdor tl ir. presence of clinozoisire is very cornlnon,
and according to the author of this paper, this is en indication of relatively
low temperature and high Psr,, at the contact.

14. The mineral assemblages in the monticellite zone at Crestmore are rather
complicated. They should be grouped into the Sadinite-facies. The com-
binations : monticellite-forsterite-calcite and. monticellite-merwinite-me-
lilite indicate rather high ternperatures, while monticellite-merrvini.te-
melil i te; merwinite-spurrite-calcite and merwinite-morrticell i te-calcite in-
dicate uery higlt tertperatures. For the formation of these minerals these
following reactions are suggested :

1) 9 bruccite f 4 silica --+ 1 clinohumite f 8 water,
2) 2 clinohumite { 1 silica --> I forsterite f 2 water,
3) l forsterite f 2 calcite f l silica --->2 monticeliite f 2 carbondi-

ox'oe,
4) 5 caleite -f 2 silica -+ 1 suprrite f 4 carbondioxide.
5) l spurrite f lcarbondioxide ------+ lt i l leyite
6) 4 spurrite f 2 silica f 5 waler <- 5 cuspidines f 4 carbondioxide
7)  5 mont ice l l i te  - l - -2spurr i te  f  ls i l ica-+ 5merwin i te f  2  carbon-

dioxide.
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8) l brucite f l allumin^ = l spinel -{- rvater.

9) 2 spinel f 1 calcite { 1 silica { u'ater --> 1 xanthopliillite f 1 car-
bonciio::ide.

10) 10 calcite f 2 magnesia -i- 3 alumina f 7 sil ica --> 3.meli i i te f
carbondioxide.

Fig. B gives the petrological relation betlveen and rvithin the zones.

I.rlrod,.r&io.t of srlica and alumina and removal of magnesi: is represen-

ted i jy the passage frorn NI+I (Fig.8). Here is a clear picture o{ the

"flood" o{ silica and alumina outward the intnrsive mass'
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15. P - T problern Ln rlle lonndtiort of uo(lastonite. During the high tempera-
rure metaporphism, calcite and quartz become unstable and react to
produce willastonite and COz. The P-T curve of Goldschmidt (Fig.9)

.ho-" that at 5000 atm. which corresponds to a pressure at a depth of

20 km, the temperature of reaction is almost 9.000" C (P66r : pressure

on rock). But ln most cases rocks are permeable to COz, which there-

fore escapes from the locale of reaction.
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If gas is enabled to escape, the molecular volume of the gas can be
neglected.. By means of the equation of Clapeyron:

\
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RTJ

The change in the temperature of reaction and pressure can be computed.
If only the volumes of the solid phase is considered and if the molecular
volume is expressed in cm3:

CaCos * SiOz+CaCo3 f Cos,

37
VT

4L
1q f, 720

106a
- 0.0013 degree/atm.
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If COe is effectively removed as soon as it forms, the differential pres-
sure u'ill sqlreeze CO: out of calcrte at lower temperature than is
otJrerq'iie possible.
So, instead of being impeded, the formation of wollaston-ite will be
facil i tated by the increase of temperature.
Fig. 10 shorvs that calcite anrl quartz are stable together up io 600' C at
1300 poundsT'jnch!. CO,1-pressure, Harker and Tutle, (1956), while woil-
astouite and caicite remain stable together up to 1000" C at ths sp11161
pressure ; the 4C0'C difference in T between the appearance of woila-

C o O  C c

tog 7cg c@ a& tcoa

T E M P E R A T U R E  ( O C )

fi-7. /0 Frcssurc (CQ) /empcro/urr e urvc for vniartZ.ry/ rrorhat

JGIO5 + 2 CaSiO-t* 2far SiO, GCOT +COt l4'o = (airtf.,

Sp "  Strr r t  / : .

stonite and that oi spr-rrrite is reflected .in 1i-re conlinon or:i 'urr-ence o{
the fornrer at graniie-l imestonc colltacts and of the lattei '-- at diabase -_
Jimestone coni3cts. The rare occurrellce of spurrite in granite/l imcstone
contacts indicates that P16 1is relairvely high and may tvell bc com-
mensurate with rock load.
The vapour phase should be rich in CO:, as presellce of I{,O -." 'ouid

lower partial pressure of CO2 permitting calcite and wollastonite to
react to give spurrite.
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III. CONCLUSION

Meta-romatism 'l'hich the author defines as any process involving a
change in the bulk composition of the mineral assemblaqe, still can
be approached b1' means of the phase rule of Gibs and other thermo-
dynamic relationship.

(2) I\lletasomatism also yields very characteristic and stable type of mineral
associations to which the concept of mineral facies can be extended.

Limestone metasomatism described in f, proves that in the formal;ion
of the skarn. sil iea and alumina have been addeil to the marble from
the granite and that lime has been moved out of the marble from the
granite.

Annarentl.'v. the mineral assemblage in Crestmore does not correspond
r.vith Borven's (1940) 13-steps in contact metamorphism (sequence and
mode of origin).
An exr,lanation can be looked for in lrvo nossibil i t ies :
1) either that this assembhge is a nonequil ibrium one or
2\ f l2l Bo'rrren's sequence is wrong.
The author of this paper is more inclined to the opinion that Eorven's
sFquelree is \r'rong.
What  hanrrens in  smnl !  exner iment inq enrc ib les i r r  the l "h.  does not
neeesser.l '  represent the real nrocess in natrrre at large, There is one
faelor rvhieh experimental petrologists can never immitate, that is the
factor "space and time".

(5) Tho trvo differenees in minerat comEosifion in Crestmore ean be attri-
brrted to differenees in pressr,rre-femrrerature drr.ring intrusion,

l.)erc!:iptiorr in f, and fr,rrthel phvsieo-ehemical ennsid-eration, leads to
the conclusion that one has to deal rvith a nr6grq5sive metasomatism
with eonseqrrent deearbonation af. elevated temperatures rather than
progressive decarbonation attendant simply rrpon rising temperature,
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TABLE I. Chemical Composit.on of Garnet-Zone Rocks

(Weight  Per  cent)

Constituent.

si0:

Ti0:

A1:03

Fe:0r

Fe0

Mn0

Mgo

Ca0

Na20

K:r0

Pr0.

HrO *

II:r0 -

CO,

S

S0s

F

CI

Ba0

42.89

0.52

10.07

8 1 4

1..82

0.22

a . \ J

32.39

0,24

0.13

0.11

0.75

0.04

0.80

0.04

q.00

0.02

0.00

0.00

41.91

0.50

10.02

5.2S

0.75

0.11

3.67

36.28

0.00

0.00

0.13

0.80

0.00

0.36

0.04

0.00

0.02

0.00

0.00

100.13

0.02

99.87

0.02

100.41 99.85
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TABLE 2. Chemical

ANALYSIS OF MINERAL PARAGENESIS ll3

Composition of Montizellite Zone Rocks.

(Weight per cent)

t--Constituent.

-l

I sio, 36.e2
I
i Ti0, 0.19

I atro, 2.01

i FezOs 1.59

I FeO 2.57

i MnO 0.19

Ms0 20.24

I CaO 32.70

I 
*"'0 0.04

Kro 0.oo
l

I noo o.o3
I

I H,0 + 1.05
l -
l
i lrro - 0.15

, COu 1.75
I

s 0.00
I
i SOs 0.13

r F 0.00

33.59

0.13

7.40

0.80

2.28

0.11

20.37

32.66

0.06

0.00

0.02

0.62

0.27

2.00

0.00

0.13

0.00

0.00

0.00

37.69

0.20

2.57

2.75

1.14

0.0?

10.54

37.73

0.0?

0.02

0.15

1.00

0.42

6.10

0.00

0.L5

0.02

0,01

0.00

I "t 
o.oo

l

I BaO 0.04
I

I Total 99.60 99,63

I 
t'* o "" " ""11

100.44
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TABLE 3. Chemical Composition of Idocrase-Zone Rocks

and Minerals.

(Weight per cent).

Constituent. . . )

Si0z

Ti02

Alz0s

Fez0s

Fe0

Mn0

Mgo

Ca0

Na20

Kr0

Pr0u

HzO *

HrO -

CO,

S

S0s

F

cl

Ba0

39.68

0.48

9.49

3.19

1.14

0.07

6.77

34.49

0.09

0.00

0.15

1.05

0.01

2.85

0.05

0.00

0.02

0.00

0.00

41.70

0.54

9.67

4.L4

0.78

0.10

3.01

38.00

0.00

0.00

0.17

0.90

0.03

0.84

0.03

0.00

0.03

0.00

0.00

99.94

0.02

99.92

37.4L

17.89

3.16

0.47

r.52

4.80

33.78

U . J )

9.62

0.77

54.44

20.85

tr

tr

2.10

!2.28

100.06

0.62

100,00T o t a l  . . . . . . . . . . . , , ,

Less 0 for S and F

99.53

0.02

99.51


