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Chlorite, a prod uct of very low- to low-grade meta mor phism, is fre quently used as a geothermometer be cause of the fact that its struc ture
and chem i cal com po si tion can re flect the phys i cal and chem i cal con di tions of its for ma tion. In the hy dro ther mally al tered Strzelin and
Borów gran ites (the Fore-Sudetic Block, Po land) chlorite is ubiq ui tous. It is found in two forms: spherulitic and post-bi o tite, and was
formed in dif fer ent ways in dif fer ent parts of the Strzelin and Borów gran ites: as re sult of (1) re place ment of bi o tite or (2) crystallisation
from fluid. The chlorite formed in the Borów gran ite shows a higher Fe con tent than that in the Strzelin gran ite, a fea ture re lated to the
con tent of Mg and Fe in the host rock. Tem per a tures of chlorite for ma tion are the low est for un al tered gran ite and then grad u ally in crease
for slightly, mod er ately and strongly al tered gran ite and are the high est in hy dro ther mal veins. This means that the tem per a ture of the hy -
dro ther mal fluid was higher than  that of the al tered gra nitic bod ies. More over, the spherulitic chlorite formed at a higher tem per a ture
than did the post-bi o tite chlorite, and  is usu ally smaller be cause bi o tite re place ment lasted lon ger than did the crystallisation of
spherulitic chlorite di rectly from hy dro ther mal fluid. Such pat terns are likely to oc cur in other gra nitic bod ies.
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INTRODUCTION

Chlorite can crys tal lise in a num ber of dif fer ent en vi ron -
ments. It is a ubiq ui tous prod uct of very low- to low-grade
meta mor phism in flu enc ing a great va ri ety of rocks of dif fer ent
for ma tion age such as in Cam brian ba saltic ve sic u lar lavas
(Lopez-Munguira et al., 2002), Late Ju ras sic shal low-ma rine
sand stones (Ryan and Hill ier, 2002) and early Oligocene sand -
stones and greywackes with andesitic vol ca nic clasts (Schmidt
and Livi, 1999). It is also one of the most abun dant and wide -
spread al ter ation prod ucts in geo- or hy dro ther mal en vi ron -
ments such as in the Neo gene Kuroko Cu-Pb-Zn vein-type de -
pos its of Ja pan (Shikazono and Kawahata, 1987), in quartz/car -
bon ate hy dro ther mal veins in am phi bo lites and gneiss es of the
Sobotín re gion and pegmatites of the Žulová and the
Strzegom–Sobótka mas sifs (Zimák, 1999), in Cre ta ceous gra -
nitic rocks at Ashio (Hamasaki et al., 1995) and Variscan gra -
nitic mas sifs of the Karkonosze (Wilamowski, 2002;
Koz³owski and Marcinowska, 2007) and Strzelin ar eas
(Ciesielczuk and Janeczek, 2004; Koz³owski and
Marcinowska, 2007). 

Chlorite group dis plays a wide range of chem i cal com po si -
tion, which can vary de pend ing on the con di tions of for ma tion
(e.g., Cathelineau and Nieva, 1985; Bailey, 1988; Cathelineau,
1988; Battaglia, 1999; Schmidt and Livi, 1999; Krzemiñski,
2000; Zimák, 1999; Vidal et al., 2005; Plissart and Féménias,
2009). A gen eral crystallochemical for mula of chlorite can be
given as fol lows (de Caritat et al., 1993): 
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where: u + y + z = 6, z = (y - w - x)/2, w fre quently reaches zero, R2+ usu ally

rep re sents Mg2+ or Fe2+, R3+ typ i cally rep re sents Al3+ or Fe3+, and  �  rep re -
sents struc tural va can cies. Su per scripts VI and IV de note oc ta he dral and
tet ra he dral oc cu pancy, re spec tively.

The main fac tor which con trols chlorite for ma tion in ei ther
meta mor phic or hy dro ther mal pro cesses is tem per a ture, and so
a num ber of at tempts at us ing chlorite as a geothermometer
have been made. How ever, chlorite geothermometry was crit i -
cized, even dis cred ited, by Jiang et al. (1994). What is more,
Frey and Rob in son (1999) warned against us ing the chlorite
geothermometer as a func tion of its chem i cal com po si tion, par -



tic u larly for chlorites formed at low tem per a tures. Ac cord ing to 
them this is only pos si ble for ho mo ge neous phases formed in
con di tions of ther mo dy namic equi lib rium. Nev er the less, the
ap pli ca tion of chem i cal com po si tion of chlorite as
a geothermometer has not been aban doned (Walshe, 1986;
Merriman et al., 1995; Zang and Fyfe, 1995; Xie et al., 1997;
Zang et al., 1997; Zimák, 1999; Krzemiñski, 2000; Vidal et al.,
2001, 2005; Plissart and Féménias, 2009), though is ap -
proached with con sid er able cau tion. Also, Parra et al. (2005)
ex per i men tally showed that the Si-con tent of chlorite is sen si -
tive to tem per a ture for the var i ous divariant as sem blages.
Chlorite geothermometry has been mod i fied, as by Battaglia
(1999), for ex am ple, who exploite X-ray dif frac tion pat terns in
chlorite to this end, and by Inoue et al. (2009). Given the use -
ful ness of geothermometers in ge ol ogy, this ubiq ui tous min eral 
pro vides a sim ple and easy means of es tab lish ing con di tions of
the host rock for ma tion.

This pa per de scribes the char ac ter is tics of chlorite formed
dur ing the hy dro ther mal al ter ation of granitoids from two
Variscan gra nitic mas sifs: the Strzelin and the
Strzegom–Sobótka mas sifs, in the Fore-Sudetic Block of
SW Poland. These two lo cal i ties were cho sen be cause of the
var ied pat terns of al ter ation of the host rock: (1) gradational, as
in the Strzelin gran ite, and (2) com plex, as in the shear zone
crop ping out in the Borów quarry within the
Strzegom–Sobótka gran ite. Also, some com ments on  the ap -
pli ca tion of the chlorite geothermometer are made. 

GEOLOGICAL SETTING AND PETROGRAPHY

The Strzelin gran ite builds the north ern part of the Strzelin
Mas sif. Petro graphi cally it is fine-grained bi o tite gran ite ac -
com pa nied by more leucocratic me dium-grained bi o tite gran ite 
(Borkowska, 1956; Bereœ, 1969). The age of the Strzelin gran -

ite was es tab lished by the 87Rb/ 86Sr method as 347 ±12 Ma
(Oberc-Dziedzic et al., 1996). More over, Oberc-Dziedzic et al. 
(1996), and Oberc-Dziedzic (1999, 2007) dis tin guished dykes
of youn ger (330 ±6 Ma), light bi o tite-mus co vite gran ite within
the bi o tite gran ite. Hy dro ther mal al ter ation of the Strzelin gran -
ite re sulted in the for ma tion of min er al ised veins and sub se -
quent al ter ation of the sur round ing gran ite, the ef fects be ing
seen in a large ac tive quarry lo cated east of the city of Strzelin.
Based on the con tent of bi o tite, spherulitic and post-bi o tite
chlorite and the kind and amount of other hy dro ther mal min er -
als, three stages of al ter ation of the Strzelin gran ite around hy -
dro ther mal veins have been dis tin guished: (1) slightly al tered
gran ite, (2) mod er ately al tered gran ite and (3) strongly al tered
gran ite. Strongly al tered gran ite lacks bi o tite and is usu ally de -
pleted in quartz. Al bite and microcline are the only feld spars.
Hy dro ther mal min er als such as spherulitic chlorite, prehnite,
clinozoisite, laumontite, cal cite, and mus co vite are abun dant.
This gran ite fa cies is usu ally bleached. The slightly al tered
gran ite dif fers from the un al tered one in the prev a lence of
post-bi o tite chlorite over bi o tite and in the pres ence of scarce
min ute hy dro ther mal min er als such as al bite, spherulitic
chlorite, ti tan ite and prehnite. In the mod er ately al tered gran ite
al most all of the bi o tite is re placed by chlorite, while the feld -
spars are also al tered. Hydrothermal min er als are found in large 

quan ti ties. The size of hy dro ther mal min er als in creases with
the de gree of al ter ation and the min eral as sem blage changes
with depth (Ciesielczuk, 2000b; Ciesielczuk and Janeczek,
2004; Ciesielczuk, 2007).

The gran ite crop ping out in the Borów quarry is part of a bi -
o tite-hornblende gran ite (Puziewicz, 1990), and is called the
Strzegom gran ite (Majerowicz, 1972), or a gran ite of the
Kostrza type (Kural and Morawski, 1968). It is part of the
Strzegom–Sobótka Variscan granitoid mas sif. Its age was es -
tab lished by the Rb-Sr method for 325–330 Ma (Pin et al.,

1989) and by means of the Pb-Pb zir con method as 303 ±2 Ma
(Turniak et al., 2005). Spec i mens con tain ing hy dro ther mal
chlorite were col lected from the large (ap prox i mately 80 m)
shear zone ex posed in the north ern wall of the Borów 17
quarry. This zone is cut by many hy dro ther mal subvertical
veins, mostly of E–W strike, filled mainly with quartz. Gran ite
in this zone is strongly al tered with metre-scale variations
(Ciesielczuk, 2000a). A spec i men of un al tered, me -
dium-grained gran ite was col lected next to the shear zone and
con sists of plagioclase, microcline, quartz and bi o tite, with ac -
ces sory ti tan ite, zir con and ap a tite. The al tered Borów gran ite
con tains al bite and/or microcline, quartz, chlorite and py rite.
Min ute amounts of mus co vite, prehnite, ti tan ite, zir con and ap -
a tite were also found.

Chlorite in both lo ca tions is of hy dro ther mal or i gin, but the
ef fect of hy dro ther mal al ter ation var ies (Ciesielczuk, 2002).
Al ter ation in the Strzelin gran ite pro duced an abun dance of hy -
dro ther mal min er als and is gradational and re stricted to a few
centi metre-wide (on av er age) zones around veins and frac tures
whereas in the Borów gran ite the en tire gran ite in the shear
zone is strongly al tered, though its min er al og i cal com po si tion
is sim ple.

ANALYTICAL METHODS

More than one hun dred sam ples of al tered and un al tered
Strzelin and Borów gran ites were col lected in the field. Sub se -
quently thin sec tions were pre pared of rep re sen ta tive sam ples:
21 from the Strzelin gran ite and 17 from the Borów gran ite and
ex am ined by stan dard po lar iz ing mi cro scope. Then, se lected
chlorite grains from un al tered and al tered gran ites and hy dro -
ther mal veins were ex am ined by means of scan ning elec tron mi -
cros copy (SEM) JSM 35C (Uni ver sity of Silesia, Po land) and
Jeol-JSM 5410 (Jagiellonian Uni ver sity, Po land). Ad di tion ally,
frag ments of hy dro ther mal vein fill ings were pre pared and
viewed by SEM in en vi ron men tal mode to ob serve the hab its
and suc ces sion of min er als formed in the hy dro ther mal veins.

The chemical com po si tion of the chlorite was de ter mined
by means of elec tron microprobes: Superprobe JCXA-733,
U = 15 kV, I = 15 nA (the Min er al og i cal In sti tute of Rus sian
Acad emy of Sci ence, Rus sia); SEM JEOL JSM-35 with LINK
QX2000 (the De part ment of Earth Sci ences, Keele Uni ver sity,
UK); Superprobe JEOL 8600 (Geo log i cal In sti tute, Aarhus
Uni ver sity, Den mark); and Cameca SX100, U = 15 kV,
I = 10 nA, beam size 1mm (Fac ulty of Ge ol ogy, War saw Uni -
ver sity). Al to gether 258 anal y ses of chlorite com po si tion in
180 grains were con ducted.
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Min eral phases were ana lysed us ing X-ray dif frac tion us -
ing a Geigerflex Rigaku Denki, CoKa ra di a tion with Fe fil ter,
U = 30 kV, I = 25 mA, tl = 2 s, ss = 0.02o (Uni ver sity of Silesia,
Po land). The pres ence of interstratifications or inter growths
within the chlorite crys tals was in ves ti gated in two ways:
(1) us ing Philips CM 20 high-res o lu tion trans mis sion elec tron
mi cros copy (HRTEM) op er ated at 200 kV with lat tice im age
1.4 �, and (2) by XRD, chlorite from the vein in the Strzelin
gran ite be ing sep a rated, then pow dered, ori ented, glycolated
and heated to 180°C and to 550°C for 2 hours. 

FORMS OF CHLORITE

Chlorite in the gran ites in ves ti gated oc curs in post-bi o tite and
spherulitic forms (Figs. 1 and 2). The post-bi o tite chlorite, form ing 
as a re sult of par tial or en tire re place ment of the bi o tite, is termed
a sec ond ary hy dro ther mal min eral. The size of grains ranges from
0.1 to 1.5 mm (Fig. 2A, B, D–F). The lo cal isa tion of par tic u lar
types of chlorite within the gran ite de pends on its or i gin. 

Spherulitic chlorite forms smaller (ca. 0.05 mm), ra di ant
crys tals. It crys tal lised in two pos si ble ways:

– crystallisation from hy dro ther mal fluid in frac tures,
microfractures or inter gra nu lar spaces in gran ite as a
pri mary hy dro ther mal min eral (Figs. 1 and 2C);

– re place ment of post-bi o tite chlorite as a sec ond ary hy -
dro ther mal min eral (Fig. 2D–F). 

Ac cord ing to Janeczek (1983) this al ter ation con sists in the
dis solv ing of post-bi o tite chlorite and its recrystallisation in the
pres ence of crys tal nuclei.

Both types of chlorite op ti cally show pale green to creamy
pleochroism and char ac ter is tic, sub nor mal, grey ish-blue in ter fer -
ence colours. Pleochroic colours of chlorites formed in the Borów
gran ite are darker (green) than these from the Strzelin gran ite.

SITES AND FREQUENCY OF CHLORITE 
WITHIN GRANITE

Post-bi o tite chlorite is pres ent even in un al tered gran ite. The
pro cess of re place ment of bi o tite has been widely de scribed (Veblen 
and Ferry, 1983; Ol ives-BaÔos and Amouric, 1984; Eggleton and
Banfield, 1985; Parneix and Pe tit, 1991; Janeczek, 1994;
Ciesielczuk, 2000b). The Strzelin gran ite con tains up to a few per
cent of chlorite, whereas the Borów gran ite con tains less than 1%.

Post-bi o tite chlorite is fre quently found in the slightly al -
tered Strzelin gran ite. In mod er ately al tered gran ite its con tent
de creases, while the con tent of spherulitic chlorite in creases. It
hardly ever oc curs in strongly al tered gran ites. Spherulitic
chlorite is al most ab sent in un al tered gran ites. It is fre quent in
mod er ately and strongly al tered ones, ex cept in the bleached
zones which sur round hy dro ther mal veins. The width of these
zones is ap prox i mately 0.5 cm and the de gree of al ter ation is
high, but chlorite is al most ab sent there. 

Spherulitic chlorite is also fre quent in hy dro ther mal veins. The 
frac ture fill ing of the Strzelin gran ite is mainly polymineralic,
where chlorite and quartz are the prev a lent min er als. In the se -
quence of crystallisation chlorite crystallises at rel a tively high tem -
per a tures as the fourth min eral af ter quartz, feld spars and mus co -
vite, and be fore clinozoisite, prehnite, laumontite/kaolinite and
cal cite (Ciesielczuk and Janeczek, 2004).
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Fig. 1. Ag gre gates of spherulitic chlorite (Chls) pres ent 
in hy dro ther mal veins in the Strzelin gran ite (A, B) and strongly al tered Borów gran ite (C, D)

SEM images



The hy dro ther mal veins in the Borów gran ite are mainly
monomineralic, filled with quartz. Only cer tain nar row, wide
veins up to 1 cm are polymineralic and con sist of quartz, feld -
spars, spherulitic chlorite and flu o rite.

CHEMICAL COMPOSITION OF CHLORITE

The chem i cal com po si tion of the chlorite is shown on the
chlorite clas si fi ca tion di a gram rec om mended by the No men -

cla ture Com mit tee of the AIPEA (Bailey, 1980; Fig. 3).
Chlorite grains from the Strzelin gran ite con tain 67% of
chamosite par ti cles (cha) (Fe Al5

2+ )(Si3Al)O10(OH)8, 31% of
clinochlore (cli) (Mg5Al)(Si3Al)O10(OH)8 and 1% of
pennantite (pen) (Mn Al5

2+ )(Si3Al)O10(OH)8  on  av er age. 
Chlorite grains  formed  in  un al tered gran ite con tain 60–70%
cha, 29–39% cli and 1–2% pen, chlorite grains from slightly al -
tered gran ite con tain 60–79% cha, 20–38% cli and 1–2% pen,
and chlorites from strongly al tered gran ite con tain 61–73%
cha, 25–37% cli and 1–3% pen. The com po si tion of chlorites
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Fig. 2A, B – re place ment of bi o tite (Bt) by post-bi o tite chlorite (Chlp), ti tan ite (Ttn) seen in frac ture planes; 
C – spherulitic chlorite; D–F – the re place ment of post-bi o tite chlorite (Chlp) by spherulitic chlorite (Chls);

 the pro cess of re place ment starts along the grain boundaries and frac ture planes

A, C, E, F – op ti cal mi cro scope images, A, E – plane po lar ized light; C, F – crossed polars; B, D – BSE im ages; 
A – strongly al tered Strzelin gran ite; B – slightly al tered Strzelin gran ite; C–F – strongly al tered Borów gran ite



formed in hy dro ther mal veins of the Strzelin gran ite ranges
from 63 to 65% cha, from 34 to 35% cli and from 1 to 2% pen
(Fig. 3). Chlorites from the Borów gran ite con tain less mag ne -
sium but more iron, 76% of chamosite, 23% of clinochlore and
1% of pennantite on av er age. Chlorites formed in un al tered
gran ite con tain 80–82% cha, 16–18% cli and 1–2% pen,
chlorites from the strongly al tered gran ite con tain 48–86% cha, 
14–20% cli and 0–2% pen, chlorites formed in hy dro ther mal
veins range from 63 to 64% cha, from 34 to 35% cli and from
1 to 2% pen (Fig. 3).

Microprobe anal y ses of chlorite of dif fer ent shapes and
formed in dif fer ent parts of the Strzelin gran ite are shown in
Ta ble 1. Data in the first four col umns show the vari abil ity of
chlorite com po si tion in the al tered Strzelin gran ite up to the hy -
dro ther mal vein. The AlIV con tent in creases to wards the min er -
ali sa tion zone (1.25, 1.28, 1.29 and 1.36 a.p.h.f.u. re spec -
tively). The next two col umns show a sim i lar av er age com po si -
tion of the core and rim parts of chlorite grains, and the last two
col umns give the com po si tion of post-bi o tite and spherulitic
chlorite formed within the Strzelin gran ite. Microprobe anal y -
ses of chlorite of dif fer ent shapes and formed in dif fer ent parts
of the Borów gran ite are shown in Ta ble 2. Since hy dro ther mal
al ter ation in the shear zone in Borów was multistadial and com -
plex, pro gres sive al ter ation has not been ob served. The var i ous
av er aged chem i cal com po si tions of chlorite grains in five mac -
ro scop i cally and mi cro scop i cally dif fer ent sam ples of strongly
al tered Borów gran ite is shown in col umns 2–6 and the mean
value is given in col umn 7. Chlorite crys tal lised in hy dro ther -
mal veins con tains the high est Fetot and AlIV con tent. The
chem i cal com po si tions of cores and rims of chlorite grains are

also sim i lar to those of chlorites of post-bi o tite and spherulitic
forms. Chlorites from the Borów gran ite are more ferrugineous
than those from the Strzelin gran ite. These data are con sis tent
with the re sults of re search of Janeczek (1983, 1985) in the
Strzegom–Sobótka Mas sif. This au thor ob served a sim i lar
chem i cal com po si tion of all chlorites pres ent in pegmatites and
granitoids in dif fer ent parts of the mas sif.

Ma jor cat ion re la tion ships in the chlorite grains in ves ti -
gated are shown in Fig ure 4. The re la tion ship be tween Fe and
Mg shows a sim ple lin ear cor re la tion with a neg a tive slope and
a cor re la tion co ef fi cient of 0.80 (Fig. 4A). But there is no cor re -
la tion be tween Mg con tent with re spect to AlIV or AlVI (Fig. 4B, 
C) and AlIV ver sus AlVI (Fig. 4D).

The ra tio Fe/(Fe+Mg) in all the grains of chlorite in ves ti gated 
is rel a tively high, and ranges from 0.64 to 0.70 for the Strzelin
gran ite and from 0.68 to 0.84 for the Borów gran ite. The
AlIV/(Si+AlIV) ra tio ranges from 0.30 to 0.35 for the Strzelin
gran ite and from 0.29 to 0.34 for the Borów gran ite (Ta bles 1
and 2; Fig. 5; Ciesielczuk, 2000b). The re la tions of the tet ra he -
dral Al to Si: AlIV/(Si+AlIV) ver sus oc ta he dral sheet com po si tion
ex pressed by Fe/(Fe+Mg) in chlorite grains in ves ti gated is
shown in Fig ure 5. All points are grouped more or less to gether
and these points do not show any mu tual de pend ence. 

PURITY OF CHLORITE

The pres ence of intergrown phases within chlorite sheets
was pos tu lated by Ol ives-BaÔos and Amouric (1984), Jiang et
al. (1994), Xu and Veblen (1996) and other au thors. Chlorite
can be con tam i nated by kaolinite or interstratified with
berthierine or smectite, which elim i nates the min eral com po si -
tion as a ba sis for geothermometer cal cu la tion. 

In the cases ex am ined pres ence of smectite can be ne glected 
as the sum of CaO + Na2O + K2O in all anal y ses is lower than
0.3 wt.%. More over, Ta ble 3 shows XRD data for chlorite
formed in the hy dro ther mal vein and the strongly al tered
Strzelin gran ite. The XRD pat terns are al most iden ti cal, and
match the chamosite Ib pat tern (ASTM 13-0029). For the pur -
pose of de tec tion of chlorite in the hy dro ther mal vein the sam -
ple was (1) sedimented, ori ented, air-dried, (2) glycolated and
(3) heated to 180°C for 2 hours and (4) to 550°C for 2 hours
(Fig. 6). Af ter sat u ra tion of the chlorite with eth yl ene gly col the 
14.15 � peak (001) stayed at the same po si tion, which means,
that there are no swell ing interlayers. Heated to 180°C the
chlorite sam ple faded, but the peak po si tions stayed the same.
The sam ple of chlorite heated to 550°C turned brown ish and
peak po si tions and in ten si ties changed. The (001) peak moved
to 13.98 � with max i mum in ten sity, which means that the
hydroxyl group was re moved from the chlorite struc ture. This
chlorite treat ment dem on strated the ab sence of mixed layer
min er als in volv ing swell ing phases, so it can be con cluded that
the chlorite is pure at the de tec tion level of the XRD method.

Hence,  high-res o lu tion trans mis sion elec tron mi cros copy
(HRTEM) was ap plied. The post-bi o tite chlorite from un al -
tered and slightly al tered Strzelin gran ite shows no signs of the
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Fig. 3. Chem i cal com po si tion of chlorites plot ted 
on the clinochlore–pennantite–chamosite di a gram

Chlorite from the Borów gran ite: un al tered (open cir cles), strongly al tered
(filled cir cles), and from the Strzelin gran ite: un al tered (open di a mond),
slightly al tered (open square), strongly al tered (filled square) and hy dro -
ther mal vein (cross)



pres ence of interstratification or inter growths of other min er als
within the chlorite crys tals (Fig. 7).

RELATIONSHIP BETWEEN CHLORITE 
AND ROCK COMPOSITION

Xie et al. (1997) showed a high cor re la tion be tween the
MgO con tent in chlorite and that in the host rock. Cathelineau
and Nieva (1985) and Shikazono and Kawahata (1987) sug -
gested that the iron and mag ne sium con tent in chlorite de pends
on the iron and mag ne sium con tent in the host, un al tered rock.

On the di a grams of MgO/FeO in chlorite ver sus MgO/FeO in
un al tered rock, cre ated on the ba sis of  ex am ples de rived from
vol ca nic rocks from dif fer ent lo cal i ties, all points lie close to
a 1:1 line. A few points out side this line were in ter preted as  the
ef fect of the in flu ence of ad di tional fac tors, such as the
MgO/FeO con tent of hy dro ther mal fluid.

The MgO con tent in the un al tered Strzelin gran ite is 0.7%
(Bereœ, 1969) or 0.8% (Ciesielczuk, 2000b). The Borów gran ite
con tains 0.47, 0.63% (Majerowicz, 1972) and 0.19%
(Ciesielczuk, 2000b) of  MgO. This means that the MgO con tent
in the Strzelin gran ite is slightly higher than that in the Borów
gran ite. A sim i lar re la tion ship was found for the MgO con tent in
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Chlorite 
lo ca tion/shape

Un al tered
gran ite

Slightly al -
tered gran ite

Strongly al tered
gran ite

Hy dro ther mal
vein Rim Core Post-bi o tite

chlorite
Spherulitic

chlorite

Num ber of
anal y ses 9 34 29 21 17 15 25 17

SiO2 25.25 24.60 24.80 24.23 24.67 24.70 24.75 24.11

TiO2   0.04   0.14   0.10   0.02   0.11   0.12   0.08   0.03

Al2O3 21.08 19.74 20.42 21.51 19.97 20.06 20.31 21.83

FeOtot 31.49 34.88 32.52 31.86 33.91 33.53 32.54 32.99

MnO   0.81   0.60   0.86   0.78   0.66   0.69   0.67   0.90

MgO 10.43   8.27   9.47   9.66   8.81   9.13   9.61   9.04

Cr2O3   0.02   0.02   0.02   0.01   0.02   0.02   0.02   0.01

NiO   0.02   0.03   0.01   0.04   0.03   0.01   0.02   0.05

CaO   0.11   0.06   0.10   0.17   0.07   0.06   0.12   0.14

Na2O   0.01   0.01   0.01   0.01   0.01   0.01   0.02   0.02

K2O   0.02   0.09   0.01   0.00   0.04   0.07   0.05   0.00

H2O 11.00 10.83 10.95 11.01 10.88 10.92 10.95 10.96

To tal 99.08 99.26 99.26 99.31 99.18 99.33 99.13 100.06

cha % 63 70 65 64 68 66 65 66

cli % 36 29 33 34 31 33 34 32

pen %   1   1   2   2   1   1   1   2

Si 2.75 2.72 2.70 2.64 2.72 2.71 2.71 2.60

AlIV 1.25 1.28 1.29 1.36 1.28 1.29 1.29 1.40

Site T 4 4 4 4 4 4 4 4

AlVI 1.30 1.30 1.33 1.40 1.31 1.31 1.33 1.38

Ti 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00

Fetot 2.87 3.24 2.99 2.90 3.13 3.08 2.98 3.05

Mn 0.07 0.06 0.08 0.07 0.06 0.06 0.06 0.08

Mg 1.69 1.36 1.54 1.57 1.44 1.49 1.57 1.46

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ca 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

K 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00

Site O 5.97 5.99 5.97 5.98 5.98 5.98 5.98 6.00

Fe/(Fe+Mg) 0.63 0.70 0.66 0.65 0.68 0.67 0.66 0.68

AlIV/(Si+AlIV) 0.31 0.32 0.32 0.34 0.32 0.32 0.32 0.35

T  [oC]1 334 349 355 376 351 352 354 388

T [oC]2 326 341 342 355 340 341 340 364

tot – to tal iron con tent as FeO; nd – not de ter mined; 1 – tem per a ture cal cu lated on the ba sis of the Cathelineau (1988) method; 2 – tem per a ture cal cu lated on
the ba sis of the Kranidiotis and MacLean (1987) method

T a  b l e  1

Av er aged microprobe anal y ses of chlorite formed in the Strzelin gran ite, struc tural for mu lae cal cu lated on the ba sis of 14O, and val ues 
of chlorite for ma tion tem per a tures cal cu lated on the ba sis of the Cathelineau (1988) and the Kranidiotis and MacLean (1987) meth ods



the chlorites: chlorite grains formed within the Strzelin gran ite
con tain more MgO than the chlorite from the Borów gran ite (Ta -
bles 1 and 2). There fore the lower con tent of mag ne sium in
chlorites formed in the Borów gran ite can be re lated to the lower
con tent of mag ne sium in the host rock. The MgO/FeO ra tio in
chlorite and the MgO/FeO ra tio in un al tered Strzelin gran ite
(0.32 and 0.3 re spec tively) and in un al tered Borów gran ite (0.13
and 0.08 re spec tively) lie very close to the 1:1 line sup port ing the 
lin ear de pend ence sug gested by Cathelineau and Nieva (1985)
and Shikazono and Kawahata (1987).

CHLORITE AS A GEOTHERMOMETER

Chlorite is fre quently used as a geothermometer as its struc -
ture and chem i cal com po si tion can re flect the physicochemical
con di tions of its for ma tion. Shikazono and Kawahata (1987)
found that the Fe2+/(Fe2++Mg) ra tio dif fers for chlorites formed
in dif fer ent hy dro ther mal en vi ron ments. More over, they
showed that the iron con tent in chlorite is tem per a ture-re lated.
De Caritat et al. (1993), Cathelineau and Nieva (1985),
Kranidiotis and MacLean (1987), Zang and Fyfe (1995) and
other au thors sys tem at i cally in ves ti gated the in ter de pen dence
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Chlorite 
lo ca tion/shape

Un al -
tered

gran ite

Strongly 
al tered

835

Strongly 
al tered

833

Strongly 
al tered
846/5

Strongly 
al tered

838

Strongly 
al tered

842

Strongly 
al tered
av er age

Hy dro -
ther mal

vein
Rim Core Post-bi o tite 

chlorite
Spherulitic 

chlorite

Num ber of
anal y ses 8 14 21 29 39 22 125 12 24 25 64 46

SiO2 24.05 25.57 24.73 23.40 24.55 24.76 24.60 22.92 24.92 24.72 24.45 24.30

TiO2   0.04   0.04   0.04   0.04   0.03   0.26   0.08   0.04   0.04   0.05   0.04   0.04

Al2O3 18.49 17.98 19.27 19.18 19.25 18.84 18.91 19.75 19.14 18.90 19.55 19.50

FeOtot 40.01 34.91 37.18 40.59 37.56 38.64 37.78 41.11 35.83 36.61 36.48 36.73

MnO   0.74   0.39   0.40   0.33   0.29   0.26   0.34   0.33   0.42   0.44   0.44   0.44

MgO   5.09   9.41   6.76   4.94   6.37   5.28   6.55   4.37   7.82   7.74   7.21   7.19

Cr2O3 nd   0.01   0.01   0.01   0.02 nd   0.01   0.02   0.02   0.01   0.01   0.01

NiO nd   0.02   0.03   0.03   0.02 nd   0.02   0.01   0.03   0.03   0.02   0.03

CaO   0.08   0.02   0.05   0.01   0.07   0.26   0.08   0.01   0.04   0.04   0.06   0.05

Na2O   0.01   0.00   0.01   0.01   0.01   0.10   0.03   0.01   0.01   0.01   0.01   0.01

K2O   0.02   0.00   0.01   0.02   0.01   0.14   0.03   0.01   0.01   0.01   0.02   0.01

H2O 10.61 10.84 10.73 10.49 10.66 10.72 10.69 10.46 10.78 10.75 10.73 10.71

To tal 99.14 99.20 99.22 99.00 98.84 99.25 99.11 99.03 99.04 99.30 99.02 99.02

cha % 80 67 75 81 76 80 76 83 71 72 73 74

cli % 18 32 24 18 23 19 23 16 28 27 26 25

pen %   2   1   1   1   1   1   1   1   1 1   1   1

Si 2.75 2.83 2.76 2.67 2.76 2.80 2.76 2.63 2.77 2.76 2.73 2.72

AlIV 1.25 1.17 1.24 1.33 1.24 1.21 1.24 1.37 1.23 1.24 1.27 1.28

Site T 4 4 4 4 4 4 4 4 4 4 4 4

AlVI 1.23 1.17 1.30 1.25 1.31 1.30 1.27 1.30 1.28 1.24 1.31 1.29

Ti 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00

Fetot 3.82 3.23 3.48 3.90 3.54 3.65 3.56 3.94 3.34 3.42 3.42 3.45

Mn 0.07 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04

Mg 0.87 1.55 1.13 0.84 1.07 0.89 1.09 0.75 1.29 1.28 1.19 1.19

Cr nd 0.00 0.00 0.00 0.00 nd 0.00 0.00 0.00 0.00 0.00 0.00

Ni nd 0.00 0.00 0.00 0.00 nd 0.00 0.00 0.00 0.00 0.00 0.00

Ca 0.01 0.00 0.01 0.01 0.01 0.03 0.01 0.00 0.00 0.01 0.01 0.01

Na 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00

Site O 6.00 6.00 5.96 6.04 5.96 5.95 5.98 6.03 5.97 6.00 5.98 5.99

Fe/(Fe+Mg) 0.81 0.68 0.76 0.82 0.77 0.80 0.76 0.84 0.72 0.73 0.74 0.74

AlIV/(Si+AlIV) 0.31 0.29 0.31 0.33 0.31 0.30 0.31 0.34 0.31 0.31 0.32 0.32

T [oC]1 341 316 336 366 337 326 336 379 333 339 346 350

T [oC]2 343 317 336 361 338 333 337 371 332 336 342 344

Ex pla na tions as in Ta ble 1

T a  b l e  2

Av er aged microprobe anal y ses of chlorite formed in the Borów gran ite, struc tural for mu lae cal cu lated on the ba sis of 14O, and val ues
 of chlorite for ma tion tem per a tures cal cu lated on the ba sis of the Cathelineau (1988) and the Kranidiotis and MacLean (1987) meth ods



be tween chlorite com po si tion and tem per a ture. They claim that 
the ef fects of in creas ing in ten sity of hy dro ther mal al ter ation
upon chlorite com po si tion in clude a de crease in SiIV, AlVI and
struc tural va can cies in oc ta he dral sites, and an in crease in AlIV,
Fe/(Fe+Mg) ra tio, and the sum of cat ions in oc ta he dral sites –

SVI. Kranidiotis and MacLean (1987) cal i brated the
geothermometer for chlorites formed in hy dro ther mal en vi ron -
ments sat u rated in Al, and thus in the pres ence of other Al-min -
er als. Jowett (1991, vide de Caritat et al., 1993) pro posed the
geothermometer (T [oC] = 319Alc

IV – 69 with a  cor rected AlIV

value of Alc
IV = AlIV + 0.1Fe/(Fe+Mg)), which can be used for

chlorites formed in dif fer ent en vi ron ments, but in the tem per a -
ture in ter val of 150–325oC with a Fe/(Fe+Mg) ra tio less than
0.6. Vidal et al. (2001) pro posed a four-ther mo dy namic-com -
po nent solid so lu tion model that ac counts for the Tschermak,
Fe-Mg, and di/trioctahedral sub sti tu tions for aluminous

(Si <3 a.p.h.f.u.) chlorite in quartz-bear ing rocks. They cal i -
brated the rel e vant ther mo dy namic data with in de pend ent sets
of pub lished ex per i ments and nat u ral data. A mod i fi ca tion of 
the geothermometer, ap pli ca ble to low-T chlorites, was pro -
posed by Inoue et al. (2009). They showed that low-tem per a -
ture chlorites have gen er ally higher con tents of Si and larger
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Fig. 4. Scat ter di a grams of A – Fe plot ted against Mg; B – AlIV ver sus Mg; C – AlVI ver sus Mg; 
D – AlVI ver sus AlIV (at oms per half for mula unit) in chlorite from the Strzelin (squares) and Borów (cir cles) gran ites

Fig. 5. Di a gram of the re la tions of Fe2+/(Fe2++Mg) ver sus 
AlIV/ (Si+AlIV)in chlorites from the Strzelin (squares) 

and Borów (cir cles) gran ites

Hy dro ther mal vein Strongly al tered gran ite

d (�) I d (�) I

14.20   40 14.15   30

  7.08 100   7.06 100

  4.71   40   4.72   40

    3.535   60     3.536   50

    2.823   30     2.828   20

    2.607   20     2.610     8

    2.563     5     2.568     7

    2.457   10     2.458     8

    2.397     7     2.399     8

    2.272   10     2.270     7

    2.011 10     2.015   10

     1.891     5

    1.887     6     1.884     5

    1.825     4     1.828     2

    1.715     5     

    1.658     4     1.666    2

    1.566   10     1.567     8

   1.540   30     1.554     5

   1.515     2     1.518    2

T a  b l e  3

XRD data of chlorite formed in the hy dro ther mal veins and strongly
al tered zones of the Strzelin gran ite



num bers of oc ta he dral va can cies and lower con tents of Fe+Mg
than higher-grade meta mor phic chlorites. How ever, it is nec es -
sary to dis tin guish be tween Fe2+ and Fe3+, which is usu ally
done by means of the Mössbauer spec tro scopic method. The
as sump tion that all iron is re garded as Fe2+ can lead to over es ti -
ma tion of tem per a ture for ma tion.

Tak ing into ac count chem i cal com po si tion of chlorites
formed in the Strzelin and Borów gran ites and re stric tions of
the pro posed geothermometers, the fol low ing re gres sion equa -
tions of es tab lish ing tem per a ture T (oC) for chlorites formed
un der hy dro ther mal en vi ron ments were used: 

T = –61.92 + 321.98AlIV (Cathelineau, 1988) [1]

T = 106Alc
IV + 18,  cor rected AlIV value 

Alc
IV = AlIV + 0.7Fe/(Fe+Mg) 

(Kranidiotis and MacLean, 1987)

[2]

Both meth ods re veal some inter de pend en ces be tween hy -
dro ther mal chlorite com po si tion and the tem per a ture of its for -
ma tion. The in ac cu racy of the Cathelieau (1988)
geothermometer is ±25oC and some re sults are within the limit
of er ror of the method but the ten dency is the same for chlorites
from both gran ites. The equa tion pro posed by Kranidiotis and
MacLean (1987), con sid er ing the in flu ence of Fe and Mg
amount on tem per a ture for ma tion, seems to be more suit able,
par tic u larly in that the chlorite formed in the Borów gran ite
con tains more Fe and less Mg than that in the Strzelin gran ite.
Ac cord ing to this geothermometer the dif fer ences be tween cal -
cu lated tem per a tures are smaller.

Av er aged cal cu lated tem per a tures of chlorite for ma tion in
the Strzelin and Borów gran ites is sim i lar and var ies from 326
to 371°C. In the Strzelin gran ite the low est tem per a tures are
shown by chlorite grains in un al tered gran ite (326°C) and the
high est in the hy dro ther mal veins (355°C). Chlorites formed
within slightly and strongly al tered gran ite show in ter me di ate
tem per a tures: 341 and 342°C re spec tively. In the Borów gran -
ite the high est tem per a ture are given by chlorite grains crys tal -
lised in hy dro ther mal veins whereas tem per a tures of chlorites
formed within the gran ite are lower and reach 343°C for un al -
tered gran ite and range from 317 to 361°C with a mean of
337°C for strongly but dif fer ently al tered parts of gran ite. 

Chlorite of hydrothermal origin in the Strzelin and Borów granites (Fore-Sudetic Block, Poland) 341

Fig. 6. XRD pat terns of spherulitic chlorite formed 
in a hy dro ther mal vein in the Strzelin gran ite

P – prehnite peaks

Fig. 7. A HRTEM im age of chlorite with 14 � pe ri od ic ity

A – post-bi o tite chlorite formed in the un al tered Strzelin gran ite; B –
post-bi o tite chlorite crys tal lised in the slightly al tered Strzelin gran ite



In both gran ites there is a slight dif fer ence in tem per a ture
cal cu lated for anal y ses made within the rims and cores of
chlorite grains (in the Strzelin gran ite 340°C and 341°C re spec -
tively and in the Borów gran ite 332°C and 336°C re spec tively). 
Fur thermore, clear dif fer ences ob served be tween spherulitic
and post-bi o tite chlorites. The tem per a ture of spherulitic
chlorite crys tal li za tion is higher (364°C in the Strzelin gran ite
and 344°C in the Borów gran ite) than that for the post-bi o tite
chlorite (340°C and 342°C re spec tively).

On the ba sis of ther mo met ric and bar o met ric stud ies of
fluid in clu sions in quartz Stêpisiewicz (1977, 1978) es ti mated
the tem per a ture of chlorite for ma tion in hy dro ther mal veins in
the Strzelin gran ite gen er ally from two hun dred and tens to a
hun dred and tens de grees Cel sius. A de tailed study of the
crystallisation con di tions of the post-mag matic min er als
formed in pegmatites and hy dro ther mal veins was con ducted
by Koz³owski and Marcinowska (2007). The tem per a tures and
pres sures of chlorite for ma tion in the Strzelin gran ite were in -
ferred from fluid in clu sions pres ent in the growth zones of
quartz or flu o rite or cal cite where chlorite grains were in cluded. 
The chlorite crystallisation tem per a tures lie within three in ter -
vals: 300–260°C, 210–180°C and 160–150°C. Ac cord ing to
Janeczek (1985) the tem per a ture of chlorite for ma tion in the
Strzegom–Sobótka Mas sif ranges from 400 to 230°C.

SUMMARY AND CONCLUSIONS

Chlorite is one of the most com mon min er als formed in
granitoids at the hy dro ther mal stage of their for ma tion. The as -
sem blage of hy dro ther mal min er als can dif fer in dif fer ent mas -
sifs in the world, but usu ally it con sists of ti tan ite, laumontite,
prehnite, cal cite, mus co vite, clay min er als, epidote, he ma tite and 
flu o rite. These min er als, as well as chlorite, are found within the
gran ite as al ter ation prod ucts or as crys tals formed in frac tures
and microfractures. The pres ence of interstratified struc tures in
in ves ti gated chlorites has gen er ally been ex cluded.

Chlorite grains formed in un al tered Borów gran ite con tain
more iron than these formed in the Strzelin gran ite. The fac tor
which can in flu ence on chlorite com po si tion is the MgO/FeO
ra tio of the host rock, the MgO/FeO ra tio of the Strzelin gran ite
be ing higher than that in the Borów gran ite. In hy dro ther mally
al tered parts of the gran ites in ves ti gated chlorite of spherulitic
shape is slightly more ferruginous than post-bi o tite chlorite, de -
pend ing mostly on the chem i cal com po si tion of hy dro ther mal

flu ids and ox y gen fugacity, which fa cil i tates Fe-chlorite for ma -
tion. The vari abil ity of chlorite com po si tion in the five sam ples
of strongly al tered Borów gran ite can be ex plained by
multiplefluxes of hy dro ther mal fluid of dif fer ent con cen tra -
tions of com po nents or by ox y gen fugacity vari a tion as can
hap pen in a large ac tive shear zone.

In creas ing tem per a tures of chlorite for ma tion in grad u ally al -
tered Strzelin gran ite and lower tem per a ture of chlorite formed
within the Borów gran ite than in the veins show that the tem per -
a ture of the hy dro ther mal fluid pen e trat ing gra nitic bod ies was
higher than the tem per a ture of the Strzelin and Borów gran ites at
that time. In crease of the AlIV con tents to wards the min er al isa -
tion zone may in di cate in creas ing tem per a tures. Higher tem per a -
tures of spherulitic chlorite crys tal li sa tion di rectly from the fluid
in veins in di cates that this pro cess takes less time than the pro -
cess of bi o tite chloritisation, which starts with bi o tite break down
by sub sti tu tion of K+ by H+ fol lowed by the al ter ation of tetra-
and oc ta he dral sheets. This is sup ported by higher for ma tion
tem per a tures of spherulitic chlorite by com par i son with post-bi -
o tite chlorite in the Strzelin and Borów gran ites.

The tem per a ture of chlorite for ma tion in the Strzelin gran ite 
pro posed by Stêpisiewicz (1977) was rather un der es ti mated.
Only the up per tem per a ture range 210°C and higher is pos si ble, 
as pro posed by Koz³owski and Marcinowska (2007) for the
first in ter val. The tem per a ture of chlorite for ma tion in the
Borów gran ite is in line with the es ti ma tions pro posed by
Janeczek (1985) and can be lim ited to the range 300–400oC.
This means that chlorite in the Strzelin and Borów gran ites was
formed mainly in the up per tem per a ture range of the hy dro ther -
mal stage of gran ite for ma tion. There fore the tem per a ture range 
of chlorite for ma tion cor re sponds to the zeolitic-pre -
hnite/pumpellyite fa cies of low-grade meta mor phism. Cal cu -
lated tem per a tures do not take into con sid er ation the pres sure,
ox y gen fugacity, ac tiv ity of Mg2+ ions, sul phur con cen tra tion,
pH or ionic con cen tra tion. There fore, re search still needs to be
con ducted to es tab lish the dom i nant fac tor in the pro cess of
chlorite for ma tion.
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