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AB STRACT

A gab bro from Chintan, Sindian, was sub jected to ex per i ments at at mo spheric pres sure to study the frac tional

crys tal li za tion of the gabbroic melt. The range of ex per i men tal tem per a tures was from 1120 to 1262°C, and the du ra tions were

from about 16 to 150 hours. The min eral phases and the glass com po si tions in the quench ing prod ucts were analyzed with the

SEM-EDS.

The ex per i men tal re sults showed that the liquidus tem per a ture of the gab bro of Chintan is 1261°C. Fe-Ti ox ides

crys tal lized at 1261°C. Plagioclase and chro mite crys tal lized at 1233 and 1196°C, re spec tively. Fi nally, pyroxene crys tal lized

at 1178°C. The sol i dus tem per a ture is es ti mated to be about 1110°C and the melt ing in ter val is about 151°C. By com par ing the

re sults of the runs with Au75-Pd25 cap sules, the iron loss of melt to the plat i num en ve lopes at 1238°C over 18 hours can be

neglected.

The frac tional crys tal li za tion of the gabbroic melt at at mo spheric pres sure is con trolled by iron-ti ta nium ox ides,

plagioclase, chro mite, and pyroxene. The dif fer en ti a tion trend of the gabbroic melts moves around in the cen ter of the AFM

di a gram and can not fractionate into microsyenitic and al kali feld spar syenitic melts on the ground.
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1. IN TRO DUC TION

Chintan is lo cated in the south of Sindian city, Tai pei

County, near the bound ary of the Tai pei ba sin and the West -

ern foot hills of Tai wan. The ma jor rock for ma tions in this

area are sed i men tary rocks of the Ter tiary Pe riod (Fig. 1).

Frag men tary vol ca nic ac tiv i ties oc curred in the Neo gene

Period. The erup tion of these volcanics cut across Ter tiary

sedimentary strata and formed as ba saltic rocks in west ern

Tai wan. These ig ne ous rocks of ten oc curred with graben

topography (Sun 1982). The rock types of ig ne ous rocks in

west ern Tai wan in clude al kali bas alts and tholeiites, in which

al kali bas alts can be fur ther cat e go rized as basanitoids, al -

kali ol iv ine bas alts and teschenites (Chen 1990).

Ichimura (1929) first pro posed the term “al kali sy enites”

and re ported that the al kali syenites oc curred as a dike or sill

in the Chintan area (Ichimura 1943; Yen 1954). The dike and

sill oc curred in the Mushan For ma tion which was formed

in the late Oligocene to the early Mio cene Pe ri ods. Chen

(1998) re-stud ied the diked and silled ig ne ous rocks which

were de scribed by Ichimura (1929, 1943) in Chintan. Chen

(1998) found that al kali feld spars are com mon in Ichi mura’s

al kali syenites. Also, Ti-augite is pres ent while aegirine is

ab sent. There fore, Chen (1998) pro posed microsyenite for

the fine-grained tex ture to re place al kali syenite de scribed

by Ichimura (1929, 1943) and Yen (1954).

Ac cord ing to the lin ear trends in ma jor and trace el e -

ments, REE dis tri bu tion pat terns and Sr- and Nd-iso topes,

Chen (1998) in ferred that the in tru sive magma in Chintan

un der went in-situ min eral sep a ra tion when in tru sion oc -

curred. Af ter min eral sep a ra tion, the teschenite crys tal lized

from orig i nal magma in the base; the syenite groups rep re -

sent re sid ual melt. These re sid ual melts seg re gated al kali

feld spar syenite and microsyenite by min eral seg re ga tion.

There are no teschenites vis i ble in the sill. Chen (1998) pos -
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tu lated that the teschenites are ei ther con cealed in the un -

exposed part of the sill, or that they have al ready been

separated from the melt and emplaced else where. The age of

in tru sion of Chintan was also re ported by Chen (1998). By

us ing the Ar-Ar method, the ages of dike and sill are 11.2 ±

0.5 and 21.2 ± 0.9 Ma, re spec tively.

The lo cal ity of the sam ple in this study is also shown by

a star mark in Fig. 1. The ex po sure is at about 600 me ters

south of the Chintan Bridge on the road to Wulai. The out -

crop is ex posed above a con crete wall and the oc cur rence,

dike or sill, of the col lected gab bro is not clear.

In this study, the melt ing ex per i ments of the gab bro at

at mo spheric pres sure were con ducted to study the crys tal li -

za tion pro cess of the gabbroic melt. The frac tional crys tal li -

za tion trend of the gabbroic melt will be discussed.

2. EX PER I MEN TAL METH ODS

2.1 Start ing Ma te rial

In or der to model the frac tion ation of the gabbroic melt

at Chintan, Sindian, about 6 kg of gab bro sam ples from

Chintan was col lected. The weath ered parts of the gab bro

sam ple were trimmed off. The color, crys tal size and tex ture

of the gab bro were ob served.

The rock sam ple was crushed and pul ver ized into a

pow der, the size of which is all un der 200 meshes. These fine 

pow ders were kept in a des ic ca tor as the start ing ma te rial for

the ex per i ments.

2.2 Ap pa ra tus and Pro ce dures

A slab of gab bro was cut into a thin sec tion. By us ing

po lar iz ing mi cro scope “Axioplan 7082”, the tex ture of rock

was ob served and the min er als were iden ti fied. The al bite

twins were pres ent in the thin sec tion. The plagioclase com -

po si tions (an or thite con tents) were es ti mated by the Michel-

 Lévy Method (Tobi and Kroll 1975; Nesse 1991).

To de ter mine the com po si tion of the whole rock, a

glassy disk was made from a fused mix ture of rock pow der

and flux (Li2B4O7). It was ex am ined by X-ray flu o res cence

(XRF) spec tros copy at the De part ment of Geosciences, Na -

tional Tai wan Uni ver sity. The an a lyt i cal set tings, stan dards,

and mass ab sorp tion cor rec tions for the anal y sis were the

same as de scribed by Lee et al. (1997). The CIPW norm of

rock was cal cu lated by us ing the Igpet 06 com puter pro -

gram. Igpet 06 is a com mer cial soft ware sup plied by Terra

Softa Inc., New Jer sey, USA.

The rock pow der was en cased in plat i num en ve lopes

and was put into a high tem per a ture ver ti cal-quenched fur -

nace. In or der to test the ef fects of iron loss of the sam ple to

the plat i num en ve lopes, two runs were made with Au75-Pd25

cap sules. At the end of the run, the run prod ucts were qu -

enched in wa ter. The range of the ex per i men tal du ra tion in

this study is from about 16 to 150 hours. The de tails of the

melt ing ex per i men tal tech niques at at mo spheric pres sure

were the same as that re ported by Liu et al. (1997).

All tem per a tures were mea sured us ing a R-type ther -

mocou ple (Pt-Pt87Rh13 ther mo cou ple); the pre ci sion of ther -

mocou ple is ±1°C. All tem per a tures were cor rected to be on

the In ter na tional Prac ti cal Tem per a ture Scale of 1968 (Biggar

1972) based on the cal i bra tion with the melt ing point of

syn thetic di op side (CaMgSi2O6). The tem per a tures read from

the ther mo cou ple were in cre mented 8°C to ob tain the ex per -

i men tal tem per a tures.

2.3 Iden ti fi ca tion and Anal y sis of Phases

Ex per i men tal charges were mounted in ep oxy and po -

lished to make a sec tion. The min eral phases in the run

products were first iden ti fied mi cro scop i cally in re flected
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Fig. 1. A sim pli fied geo log i cal map of the Chintan area. The route and

lo ca tion of out crops mod i fied from Ichimura (1943) and Chen (1998).

The geo log i cal map mod i fied from Lin (2000).



light. The phases were iden ti fied ac cord ing to char ac ter is tic

re lief, re flec tivity, and crys tal habit.

A scan ning elec tron mi cro scope (SEM: JEOL JSM-

 6360LV) equipped with an en ergy dispersive X-ray spec tro -

m e ter (EDS: Ox ford In stru ments, INCA-300) was used with

15 kV ac cel er a tion volt age and 0.18 nA in the pri mary elec -

tron beam cur rent un der low-vac uum con di tions (25 Pascal).

The points to be an a lyzed were se lected un der the back-scat -

tered elec tron im age. Grains of min er als in the quenched pro -

d ucts cho sen for anal y sis were usu ally larger than 10 mm in

diameter and the an a lyzed glass pools were usu ally larger

than 30 mm in di am e ter. Min er als were iden ti fied based on

com par i sons of the x-ray spec tra with those of chem i cally-

 known min er als (Iizuka et al. 2005). Chem i cal com po si tions 

of el e ments pres ent in amounts > 1% by weight in RSD were 

an a lyzed with a 1 mm elec tron beam spot for 100 sec onds.

All iron is mea sured as fer rous iron (Fe2+). The quan ti ta tive

data were cor rected to be ox ide com po si tions and the to tal

com po si tions were nor mal ized to 100 per cent. The Igpet 06

com puter pro gram was also used to cal cu late the CIPW

norm of the glasses.

3. RE SULTS AND DIS CUS SION

3.1 The Gab bro of Chintan

The tex ture of gab bro is microcrystalline, diabasic,

and gran u lar. Most of min er als grains are less than 1 mm.

The thin sec tions were ob served by us ing po lar ized mi -

cro scope “Axioplan 7082”. Al bite twins are mainly pre -

sent in pla gioclase. Most of the plagioclase grains are about 

0.5 mm in di am e ter, but some grains are up to 1.5 mm. The 

di am e ters of pyroxene are about 2 to 3 mm. In ad di tion,

there are slen der and opaque Fe-Ti ox ides with lengths of

0.1 to 0.5 mm.

Un der the mi cro scope, the plagioclases in the rock were

es ti mated to be about 65% of the con tent. The con tent of

Fe-Ti ox ides is about 20%. Also, 15% of pyroxene is pre -

sent. Be cause part of the plagioclase and pyroxene were

weath ered, about 10% of clay min er als were pres ent in the

rock. Due to the al ter ation of the min er als of the rock, the

whole rock com po si tion of the tested sam ple can be slightly

dif fer ent from the orig i nal com po si tion of the gab bro.

By us ing the Michel-Lévy Method to de ter mine pla gio -

clase com po si tion with al bite twins in thin sec tion, the an or -

thite (An) con tent of the gab bro is es ti mated to be be tween

An28 and An73. The an or thite con tents of teschenite and al -

kali ba salt in Chintan are from 40 to 73% (Chen 1998), in di -

cat ing that the frac tion ation was sig nif i cant dur ing the cool -

ing of the al kali basaltic magma in Chintan.

3.2 Whole Rock Chem is try

The whole rock com po si tions an a lyzed by XRF are

listed in Ta ble 1. Com pared with the ba salt anal y ses by

Chen (1998), they are very sim i lar. In ad di tion, the loss on

ig ni tion (L.O.I.) of gab bro in this study is as much as that of

Chen’s bas alts (1998).

In the CIPW norm cal cu la tion (Ta ble 1), the gab bro of

this study is quartz-nor ma tive and hypersthene-nor ma tive.

The gab bro in this study has a slightly higher di op side norm,

and lower quartz and hypersthene norms than Chintan ba -

salts (Chen 1998). They are all clas si fied as quartz tholeiite

in the ba salt tet ra he dron (Yoder and Til ley 1962). The com -

po si tion of gab bro in this study was also plot ted in an al -

kali-sil ica di a gram (Fig. 2). The com po si tion of gab bro in

this study was clas si fied as ba salt.

3.3 Ex per i men tal Runs at At mo spheric Pres sure

Twenty-one melt ing ex per i men tal runs with plat i num

en ve lopes were per formed to lo cate the liquidus tem per a -

ture, the sol i dus tem per a ture, and the melt ing in ter val of

the melt. The re sults are listed in Ta ble 2 in clud ing two runs 

with Au75-Pd25 cap sules (CT-52 and CT-51). The range of

ex per i men tal tem per a tures is from 1120 to 1262°C. In the

run at 1120°C, trace amount of glass was ob served. There -

fore, the sol i dus tem per a ture of gab bro was de duced to be

about 1110°C. The melt ing in ter val is es ti mated to be about 

151°C.

The ex per i men tal re sults showed that the liquidus tem -

per a ture of the gab bro of Chintan is 1261°C. The crys tal -

lized phases in crease with de creas ing tem per a ture. The Fe-

 Ti ox ides crys tal lized at 1261°C. Plagioclase and chro mite

crys tal lized at 1233 and 1196°C, re spec tively. Fi nally, pyro -

xene crys tal lized at 1178°C. There fore, the crys tal li za tion

se quence of the gabbroic melt at at mo spheric pres sure is

Ti-Fe ox ides, plagioclase, chro mite, and pyroxene, as shown 

in Fig. 3.

In or der to test the ef fects of iron loss from the sam ple to

the plat i num en ve lopes, the ex per i ment (CT-51) at 1238°C

was con ducted with Au75-Pd25 cap sule to be com pared

with the run (CT-49) at the same tem per a ture and du ra tion

(Ta ble 2). The com po si tion of glasses in CT-49 (with Pt

envelope) and CT-51 (with Au75-Pd25 cap sule) are very

sim i lar (Ta ble 3 and Fig. 4). This in di cates that the iron loss

to the plat i num en ve lopes at 1238°C over 18 hours is al most

the same as those to the Au75-Pd25 cap sule. An other ex per i -

ment at a higher tem per a ture (1262°C) (CT-52) was also

repeated with Au75-Pd25 cap sules and com pared with the

run CT-34 (1262°C). The to tal FeO con tent of the glass of

CT-34 (with Pt en ve lope) is less than the FeO con tent of

the glass of CT-52 (with Au75-Pd25 cap sule) by about 4%.

Kawamoto and Hirose (1994) re ported that the iron loss to

the Au75-Pd25 wire is 3 to 5 % af ter 48 hours at 1300°C un der 

dif fer ent ox y gen fugacity. There fore, the iron loss of melt to

the plat i num en ve lopes at 1262°C and 17 hours is small.

And, the iron loss of melt to the plat i num en ve lopes at

1238°C and 18 hours can be ne glected.
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Fig. 2. The clas si fi ca tion of the rock com po si tion in this study in the

alkali ox ide-SiO2 di a gram. The bound ary lines be tween dif fer ent rock 

types are ac cord ing to LeBas et al. (1986).
Fig. 3. The crys tal li za tion se quence of the Chintan gabbroic melts was

de ter mined by the ex per i ments in this study.



3.4 Com po si tions of the Syn thetic Phases ver sus
Nat u ral Min er als of Chintan Ig ne ous Rocks

The syn the sized plagioclases were an a lyzed and are

listed in Ta ble 4. Plagioclase crys tal lized at 1233°C, and the

sizes of syn the sized plagioclases are larger at lower tem per -

a ture and with lon ger du ra tion. The syn the sized plagioclases 

are ex ten sively pres ent be tween 1232 and 1120°C. In the

back-scat tered elec tron im ag ing (BEI) of SEM, syn the sized

plagioclases are ho mo ge neous in com po si tion. The an or thite 

(An) con tents of syn the sized plagioclases (be tween 1232

and 1172°C) are from 64 to 67 mol%. In Chintan al kali ba -

salts, the An con tents of plagioclase pheno crysts range from

63 to 67 mol% (Chen 1998). They are very sim i lar. The pla -

gioclases of Chintan teschenites, how ever, con tain an or thite

com po nent from 40 to 73 mol%, im ply ing that the frac -

tional crys tal li za tion of the Chintan al kali ba saltic magma

pro duced the wide compositional spec trum of plagioclase.

Pyroxene crys tal lized at tem per a tures lower than 1178°C.

As the tem per a ture de creases, the sizes of syn the sized py -

rox enes also be come larger. The syn the sized py rox enes were

an a lyzed and the com po si tions of syn the sized py rox enes are
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Fig. 4. Com par i son be tween glass com po si tion in CT-49 (1238°C; pla -

tinum en ve lope) and glass com po si tion in CT-51 (1238°C; Au75-Pd25

cap sules). The stan dard de vi a tions of ox ides are smaller than the dots in 

the fig ure. The slope of the straight line is 1.



listed in Ta ble 5. The com po si tions of the syn the sized py ro -

xenes at 1176 and 1172°C are sim i lar. The SiO2 and Al2O3

of py rox enes at 1176°C are slightly lower than those of py -

rox enes at 1172°C. The FeO and MgO of py rox enes at 1176°C 

are a lit tle higher than those of py rox enes at lower tem per a -

tures. The com po si tions of syn the sized py rox enes are close

to the com po si tions of nat u ral py rox enes of syenites in Chin -

tan (Fig. 5). They are clas si fied as diopsides/augites fol low -

ing the clas si fi ca tion of Morimoto (1988).

3.5 Evo lu tion of the Gabbroic Melt at Chintan

At the end of the high tem per a ture ex per i ments, the re -

sid ual melts were quenched into glasses. The glasses in

eleven runs, be tween 1262 and 1172°C, were an a lyzed and

are listed in Ta ble 6. All of the glass com po si tions were nor -

mal ized to 100%.

The com po si tions of glasses in Ta ble 6 were plot ted

versus ex per i men tal tem per a ture in Fig. 6. The frac tionation

trends show that the re sid ual melts be come en riched in sil i -

con and mag ne sium as the tem per a ture de creases, read ing

from high tem per a ture on the right to low tem per a ture on the 

left. The re sid ual melts be come de pleted in alu mi num and

iron with cool ing. The so dium in the re sid ual melts does not

change sig nif i cantly as the tem per a ture de creases. The frac -

tion ation trend shows that the re sid ual melts do not change

sig nif i cantly in MgO and FeO through frac tion ation of trace

amount of Fe-Ti ox ides in the early stage. The stan dard de -

viations of FeO in glasses (Ta ble 6) are higher than the va -

riations in glasses be tween 1233 and 1262°C. This also im -

plies that there is a slight in flu ence with small amounts of

Fe-Ti ox ides. The frac tion ation of Chintan gabbroic melt

was joined by the crys tal li za tion of small amounts of pla -

gioclase in the mid dle stage and shows slight de ple tion of

Al2O3 and CaO of the re sid ual liq uids. In Ta ble 6, the Q, Ab,

An, Di, and Hy norms of the re sid ual melts did not show an
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ap par ent con sis tent vari a tions through all the frac tion ation

in the ex per i ments.

The eleven re sid ual liq uid com po si tions were also plot -

ted with four rock type com po si tions from Chen (1998) in

vari a tion di a grams as in Fig. 7. The whole rock com po si tion

of the start ing ma te rial in this study was nor mal ized to 100%

with out loss on ig ni tion and was plot ted as an open cir cle in

the mid dle of Fig. 7. There is a dif fer ence of about 3.9% of

SiO2 be tween the start ing com po si tion an a lyzed with XRF

and the melt com po si tion at 1262°C an a lyzed with SEM and

EDS (Run no. CT-34). The dif fer ence may be caused by the

sys tem atic er ror be tween the XRF anal y sis and EDS an -

alysis. This may be partly caused by the compositional

change dur ing melt ing in the XRF sam ple prep a ra tion and

the melt ing ex per i ments at high tem per a ture. The ex act cause

could not be de ter mined in this study.

Chen (1998) sug gested that al kali ba saltic magma frac -

tion ated teschenite in the base of the magma cham ber. The

re sid ual melt frac tion ated into microsyenites and al kali feld -

spar syenite. In Fig. 7, the teschenites, microsyenites, ba -

salts, and al kali feld spar syenites line up on a liq uid line of

desent. If the amounts of SiO2 in all the re sid ual melts in this

study are de creased by about 3.9%, for the rea son men tioned 

above, the whole re sid ual melts fit prop erly in the liq uid line

of de scent in the SiO2 ver sus Al2O3 di a gram. The MgO of

the re sid ual melts in this study are higher than those of the

nat u ral al kali feld spar syenites shown in the MgO ver sus

SiO2 di a gram (Fig. 7). The re sid ual melts in this study need

to fractionate more py rox enes to ap proach the nat u ral al kali

feld spar syenites.

The melt com po si tions in this study and the four rock

types of Chintan are also plot ted in an AFM di a gram as in

Fig. 8. Teshenites, bas alts, microsyenites, and al kali feld -

spar syenites form a trend. The ba saltic magma can dif -

ferentiate into microsyenites and al kali feld spar syenites.

The syn the sized phases in this study were also plot ted in

Fig. 8. The frac tional crys tal li za tion of the gabbroic liq uid 

at at mo spheric pres sure is con trolled by the iron-ti ta nium

ox ides, plagioclase, chro mite, and pyroxene (Ta ble 2). In

Fig. 8, the dif fer en ti a tion trend of the gabbroic melts move
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Fig. 5. The com po si tions of syn thetic py rox enes and nat u ral clino -

pyroxenes of Chintan. Solid squares: the syn the sized py rox enes in this

study; open cir cles and solid dots rep re sent clinopyroxene in micro -

syenites and al kali feld spar syenites of Chintan, re spec tively (Chen

1998). The bound ary lines were drawn af ter Morimoto (1988).



around in the cen ter of the AFM di a gram and is not sup -

ported by the model pro posed by Chen (1998). Since this

study was only per formed at at mo spheric pres sure, the re -

sults of this study can only be ap plied to the frac tion ation

of gabbroic melt oc curred on the ground or at a shal low

depth and un der an an hy drous con di tion. The evo lu tion of 

the Chintan gabbroic melt may be clar i fied with the in ves -

ti ga tion of the frac tion ation of the gabbroic melt at high

pres sures.

4. SUM MARY

The re sults of this study show that the liquidus tem per a -

ture of the gab bro of Chintan is about 1261°C. From the

crys tal li za tion se quence and tem per a tures of the gabbroic

melt at at mo spheric pres sure, it was de ter mined that Fe-Ti

ox ides crys tal lized first at 1261°C. Plagioclase and chro mite 

crys tal lized at 1233 and 1196°C, re spec tively. Fi nally, pyro -

xene crys tal lized at 1178°C. The sol i dus tem per a ture of the

gabbroic melt is at 1110°C. The melt ing in ter val is es ti mated

to be about 151°C.

Com par ing the ex per i ments with plat i num en ve lopes

and Au75-Pd25 cap sules, the com po si tions of the glasses in

dif fer ent ex per i men tal en ve lopes are sim i lar. The iron loss of 

melt to the plat i num en ve lopes at 1238°C over 18 hours can

be ne glected.

The frac tional crys tal li za tion of the gabbroic melt at

atmospheric pres sure is con trolled by iron-ti ta nium ox ides,

plagioclase, chro mite, and pyroxene. The dif fer en ti a tion

trend of the gabbroic melts moves around in the cen ter of the
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Fig. 6. The vari a tion of glass com po si tions ver sus tem per a tures. The er -

ror bars are the stan dard de vi a tions of the ox ides.



AFM di a gram and can not fractionate into microsyenitic and 

al kali feld spar syenitic melts.
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