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Magmatic processes in titanite-bearing dacites, central Andes of Chile and Bolivia
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Ansrnc.cr

Dacites in the central Andes contain euhedral phenocrysts of titanite. In the studied
dacites, pargasite phenocrysts coexist with hornblende phenocrysts, neither of which show
notable compositional zoning, implying mixing of pargasite-bearing mafic magma and
hornblende-bearing rhyolitic magma just before eruption. The rhyolitic magma was highly
oxidized, cool, and hydrous at shallow levels in the crust and was underlain by the hotter,
less-oxidized mafic magma. Titanite crystallized from the rhyolitic magma.

Titanite phenocrysts record evidence for reduction and oxidation during crystallization
according to a reaction such as titanite + Ti-rich magnetite + quartz : ilmenite * calcic
silicate + O. The change of /o, probably resulted from devolatilization of magma at the
top of the chamber. Heating of titanite phenocrysts during mixing or unloading during
eruption caused vesiculation of their melt inclusions, fragmenting the phenocrysts.

INrnooucrroN

Although it is a common mineral in plutonic and meta-
morphic rocks, titanite is rare in volcanic rocks (e.g., Deer
et al., 1982). Compared with titanite in plutonic and
metamorphic rocks (Paterson et al., 1989; Franz and
Spear, 1985), volcanic titanite has not been described in
detail. Ewart (1979) summarized occurrences of titanite
phenocrysts in silicic volcanic rocks from the Andes,
westem United States, and Mediterranean regions. The
stability of titanite in magmas has been discussed by sev-
eral authors (Verhoogen, 1962; Carmichael and Nicholls,
1967;Lipman, l97l; Wones, 1989), who noted that it is
stable in oxidized magmas. Because the occurrence of
titanite phenocrysts is sensitive to fr, its presence as a
phenocryst allows us to place constraints on /o, in the
magma chamber. However, experimental results of par-
tial melting at high pressure and temperature (Yoder and
Tilley, I 962; Helz, 197 3; Hellman and Green, I 979; Green
and Pearson, 1986a, 1986b, 1987) show that titanite is
stable in hydrous silicic melts of high-Ti content regard-
less of /or. Thus, important questions are whether or not
titanite in volcanic rocks crystallized directly from sili-
cate melts, and what conditions stabilize magmatic tita-
nite.

Volcanic rocks from the central Andes, including the
titanite-bearing dacites from the central Andes which I
have studied, commonly show evidence for magma mix-
ing (Thorpe et al., 1984; O'Callaghan and Francis, 1986);
therefore, clarifying the mode of mixing is an important
question regarding the stability oftitanite. In this paper,
I describe in detail titanite-bearing dacites from the cen-
tral Andes and discuss the stability of titanite and mag-
matic processes in the silicic magma chambers.
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Gnor,ocrclr. sETTTNG AND SAMPLTNG

The central volcanic zone of the Andes (Thorpe and
Francis, 1979) is situated on continental crust with a
thickness of 70 km or more (James, l97l). Sajama, Pari-
nacota, and Porquesa Volcanoes stand near the border
between Chile and Bolivia (Fig. l). They are andesite-
dacite stratovolcanoes rising upward to 5200-6500 m on
an extensive ignimbrite plateau of 4000 m elevation. Nei-
ther Sajama nor Porquesa Volcano has been studied geo-
logically or petrologically. Parinacota Volcano was stud-
ied by Katsui and Gonzalez (1968) and Wirrner et al.
( l  e88).

The summit of Sajama Volcano (Nevado de Sajama)
is covered with a glacier. Parasitic lava domes and flows
occur on its deeply glaciated slopes. The parasitic cones
are arranged in a N70'E-S70'W direction and appear to
become older with distance from the summit. Parinacota
Volcano is one of a pair of volcanoes (Nevados de Paya-
chata); Pomerape Volcano stands just to the north. The
activity of Parinacota Volcano started in the Pleistocene
and continues to the present (Wiirner et al., 1988). This
volcano records two stages ofgrowth; glacial erosion and
collapse of the volcano took place between the two stages.
Porquesa Volcano consists oftwo adjacent cones ofthick
lava flows and domes (M. Takahashi, personal commu-
nication, 1989). The relationship between age and cone
morphology in the Payachata volcanic field (Wdrner et
al., 1988) indicates that Sajama and Porquesa Volcanoes
probably formed during a period extending from the late
Miocene to the Pleistocene.

Titanite-bearing dacites were collected from lava flows
and domes produced by different stages of eruption for
each volcano: three samples from different parasitic cones
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Fig. l. Map showing distribution of Pliocene-Recent vol-
canic centers in the central Andes volcanic zone (dots and stars
: Thorpe et al., 1982). Stars are volcanoes from which titanite-
bearing dacites were sampled (Sajama Volcano, 18t7,968"53,W;
Parinacota Volcano, 18"10'S-69"09'W; Porquesa Volcano,
19"58'S-68"44'W).

at Sajama Volcano (706,708, and 801), two samples from
the second and third stages at Parinacota Volcano (M62
and M8l, respectively Katsui and Gonzales, 1968), and
two samples from different cones at Porquesa Volcano
(POR-01 and POR-02). The modal compositions are list-
ed in Table l. All are dacites with abundant phenocrysts
of plagioclase, amphibole, and biotite. Titanite pheno-
cryst content reaches 0.4 volo/o; that of quartz is charac-
teristically low (<2olo). Mg-rich olivine phenocrysts co-
exist with quartz and sanidine phenocrysts in the Sajama
volcanic rocks. All rocks have a glassy groundmass that

TABLE 1. Modal compositions of titanite-bearing dacites

contains various sizes of vesicles. The groundmass is
variably devitrified, and spherulitic aggregates and crys-
tobalite pods may be present.

AN^lr,vrrc,ll, METHoDS

Whole-rock composition was determined by X-ray flu-
orescence (XRF: Rigaku-GF3063P) at Kyushu lJniver-
sity following the methods of Nakada et al. (1985) and
Nakada (1987). Analytical errors for trace elements are:
50 ppm for Ba; l0 ppm for Sr, Zr, and V; 5 ppm for Rb;
and 2 ppm for Nb and Y. Sr isotopic ratios of two sam-
ples from Sajama Volcano were obtained at Okayama
University with the method of Kagami et al. (1982).

Chemical compositions of minerals and glass were de-
termined at Kyushu University by a scanning electron
microscope (JEOL-SEM35-CFII) equipped with an en-
ergy-dispersive spectrometer (LINK 860-2-500), using l5
kV accelerating voltage, a specimen current of 1.5 nA on
iron metal, and the ZAF program (Shinno and Ishida,
1983). Glass and exsolved Fe-Ti oxide minerals were an-
alyzed by sweeping the focused electron beam over a
square area as large as possible in order to prevent sodi-
um loss from glass and to approximate the integrated
bulk composition of Fe-Ti oxide grains. Relative abun-
dances of trace elements in titanite are considered reliable
although absolute values may not be. Detection limits are
0. 15, 0.35, 0.25,0.15, and 0. l5 wto/o for Y2O3, La2O3,
CerOr, Nd2Oj, and SmrOr, respectively. Backscattered
electron images of the titanites were observed on the same
instrument. For comparison, titanites from Cretaceous
granitoids in northern Kyushu (e.g., Tsusue et d., 1984)
were also analyzed.

Wrror,r-nocK coMPosrrroNs

Whole-rock analyses (Table 2) show that the dacites
are calcalkalic. Sr isotopic ratios of the Sajama volcanic
rocks are as high as those ofthe Parinacota rocks (Table
2; Notsu et al., 1985). Wdrner et al. (1988) have noted
enrichment in large-ion-lithophile elements in the Pari-
nacota volcanic rocks compared to other volcanic rocks
in the central Andes. It is likely that volcanic rocks from
this region around l8'S and far from the trench (Sajama
and Parinacota) are more enriched in these elements and

Nos. g.m. qz san plag ampn ap

1.0  7 .2  1 .7  0 .2  1 .0
0.6 5.3 2.7 0.1 0.7
1.3 2.1 3.5 0.1 1.0

- 0.5 4.1 0.1 0.5
0.2 7.1 1.9 0.1 0.5

- 4.1 0.7 + 0.5
- 6.8 0.4 + 1.0

+ -  11 .5  0 .2
0.7 1.9 18.0 0.3
+ 0.7 17.9 0.3

1.4 4.3 19.4 0.4
0.1 1.5 13.7 0.3

0.1 0.5 22.3 0.3
1.3 - 19.7 0.1

+

+

77.1
69.6
73.1

69.2
74.3

71.3
70.5

Saiama
801
706
708

Parinacota
M62
M81

Porquesa
POR-01
POR-02

/Vote.'9.m.:groundmass,qz:quartz,san:sanidine,plag:plagioclase,tit:titanite,ol :olivine,cpx=clinopyroxene,amph:amphibole,bt=biotite,
ap : apatite, ore : Fe-Ti oxide minerals; + : <0.1%. All in volo/". 2000 points were counted for each sample except M62 and M81 . Data for M62 and
M81 are from Katsui and Gonzalez (1968). M81 contains 0.3 vol% of orthopyroxene.
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Tlele 2. Chemical analyses of titanite-bearing dacites

Sajama Parinacota Porquesa

708 M81 M62 POR-02

sio,
Tio,
Alro3
FerO.*
MnO
Mgo
CaO
Naro
KrO
P,Ou
Ba
Nb
Zr

Sr
Rb

I'Sr/sSr

63.90
0.92

15.39
5.04
0.07
2.37
3.96
4.29
3.79
0.27

1 260
a

234
1 1

835
124
1 1 5

0.70665(4)

67.95
0.72

14.79
3.87
0.06
1.32
2.65
4.12
4.29
o.24

1 230
1 4

233
o

716
165
77
0.70664(5)

68.04
0.68

14.87
3.76
0.06
1.31
2.62
4.09
4.35
o.22

1290
1 3

234
8

695
152
72

n.d.- '

64.37
0.96

15.82
4.87
0.06
1.85
3.72
4.48
3.50
0.37

1 190
1 1

215
6

879
98

109

69.49
0.57

14.67
3.67
0.06
1.02
2.46
4.08
3.82
0.16

1000
1 0

157
4

576
125
64

63.39
0.93

15.81
5.39
0.09
2.38
4.26
4.44
2.99
0.32

992
I

169
7

786
80

1 1 0
0.70555t

69.35
0.62

14.63
3.54
0.06
1 . 1 3
2.53
4.27
3.67
0.19

1050
8

149
3

480
106
64
0.70595i0.70681 -O.70691 t

A/ote.'Major-element contents in wt7o, recalculated on Hro-free basis. Trace-element contents in ppm.
- Total Fe as FerO".

" The symbol n.d. : not determined.
f Notsu et al. (1985).

Zr than rocks from elsewhere in the central volcanic zone
rocks. The depletion of Y in these dacites may support
the idea of Aramaki et al. (1984) and Onuma and Mon-
toya (1984) that magmas on the continental side of the
central volcanic zone evolved mainly by clinopyroxene
fractionation.

PrrnNocnysrs IN DAcrrES

Titanite

The occurrence of titanite phenocrysts as euhedral dis-
crete grains up to I mm long is a common feature of the
seven samples in this study (Figs. 2 and 3). Sometimes,
aggregates of titanite phenocrysts are observed (Fig. 3C).
Titanite is rarely included in hornblende phenocrysts.
Some titanite phenocrysts (POR-02) are surrounded by
aggregates of fine, slender ilmenite crystals (Fig. 3D). In-
clusions of ilmenite, hematite, rhyolite glass, and apatite
are common near the core of titanite phenocrysts (Figs.
2, 34, and 3B). In some samples, inclusions of ilmenite
and hematite are concentrated along a zone in the phe-
nocryst that represents an earlier crystal surface (M62;
Fig. 2). A thin film ofglass is observed around the inclu-
sions (Figs. 2A and 2B), indicating that the Fe-Ti oxides
were trapped together with melt. Titanite phenocrysts are
often fragmental (Figs. 2,{ and 3C) and contain cracks
filled with glass that appear to originate at glass inclusions
(Fig. 2B). The cracks and fragmentation are likely to have
resulted from expansion of the melt inclusions.

Backscattered electron images of titanite phenocrysts
show zoning patterns, in which the bright zones are en-
riched in REE. The zoning patterns in phenocryst rims
are concordant with the crystal outlines (Figs. 2C, 38,

and 3C). However, their inner parts typically have com-
plex zoning patterns. Phenocryst cores or inclusion areas
with complex zoning patterns (Figs. 2C and 3B) recall
hopper crystal forms, which are commonly found in ol-
ivine phenocrysts formed at high growth rate (Donald-
son, 1976). Bacon (1989) suggested that zones enriched
in accessory phases or melt inclusions within phenocrysts
reflect episodes of rapid crystal $owth and are distinct
from zones formed by resorption of the host; rapid growth
rate is thought to create a phenocryst-melt boundary lay-
er differentiated enough for accessory-phase saturation.
Although the inclusion zones of the titanite phenocrysts
indeed may have formed at rapid gfowth rates, cores of
the phenocrysts typically show corrosion textwes; earlier
surfaces are irregularly rounded and the concentric zon-
ings are cut by the corrosion surfaces (Figs. 2C and 3C).
Rounded and irregular forms of ilmenite inclusions sur-
rounded by glass indicate that resorption of ilmenite took
place before rapid nucleation of titanite on th€ ilmenite
substrata. Thus, the textures of titanite phenocrysts in-
dicate the following episodes during crystallization: (l)
precipitation and later resorption of titanite; (2) ilmenite
(and hematite) precipitation at titanite margins; (3) re-
sorption of ilmenite and resumption of precipitation of
titanite at rapid growth rates; (4) titanite crystal growth
at relatively slow rates; and (5) fragmentation of pheno-
crysts.

The titanite contains small amounts ofAl, Fe, and REE
(Table 3, Fig. 4). Titanite in the Porquesa volcanic rocks
has lower Fe, Al, and REE contents than that in the Sa-
jama and Parinacota volcanic rocks (Fig. 4). Titanite is
zoned in Ti, Ca, Al, Fe, and REE, but there are no sys-
tematic chemical changes from core to margin (Table 3).
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Fig. 2. Titanite phenocrysts in dacite from Parinacota Vol-
cano (M62). Scale bar : 100 pm. (A) Photomicrograph of eu-
hedral titanite phenocryst in reflected light. The phenocryst (light
gray-colored) lost its left half prior to eruptive quenching and
the broken-edge is in contact with groundmass glass. Large boxed
inclusion is rhyolitic glass. (B) Photomicrograph ofboxed area
in A. Cracks extending from a glass inclusion (gl) are also filled
with rhyolite glass. Ilmenite inclusions (ilm) are surrounded in

part by a glass filrn. (C) Backscattered electron image showing
growth zoning. White, rounded inclusions (ilmenite and hema-
tite) parallel the edges of the phenocryst. The growth zoning
pattern is concordant with the edge ofthe phenocryst and with
the arrangement of Fe-Ti oxide inclusions. (D) Backscattered
electron image of Fe-Ti oxide inclusions. All ilmenite grains show
exsolution, although hematite (hem) is homogeneous.

The zones with ilmenite and melt inclusions, or zones
surounding the resorbed cores, are usually enriched in
REE (Figs. 2C and,3C). Fe content increases with Al con-
tent (Figs. 4 and 5) and with decrease in Ti content. )REE
contents increase with decrease in Ca, and do not cor-
relate with Ti content. A poor positive correlation exists
between REE and Fe contents. Such variations were also
observed in titanites from granodiorites (Paterson et al.,
1989). Probably, Al (not Fe) substitutes mainly for Ti,
whereas the REEs substitute for Ca.

Paterson et al. (1989) reported sector zoning oftitanite
from granodiorites and showed that REE contents ofthe
fast-growing sectors are higher than those of the slow-
growing sectors. This may imply that the diffusivity of
Ca is lower than those of REE in silicate melts, REE were
incorporated by the fast-growing titanite more easily than
Ca. High REE contents in the inclusion-rich zones sur-

rounding the corroded cores of the titanite phenocrysts
support rapid growth ofthese zones.

Amphibole

Amphibole is represented in all thin sections as euhe-
dral large crystals of edenitic- to magnesio-hornblende,
as much as 2 mm long, and as skeletal small crystals of
pargasite, less than 0.5 mm long. Both amphibole sam-
ples are reddish brown in color, but some phenocrysts are
opacitized. Hornblende sometimes contains Ti-rich mag-
netite (commonly referred to as titanomagnetite) and ti-
tanite inclusions. It occurs in aggregates with biotite, and
with biotite and clinopyroxene in the Sajama volcanic
rocks. Pargasite is rarely aggregated with olivine in the
Sajama volcanic rocks. Amphibole grains are slightly
zoned; the rims of hornblende are richer in Mg than the
core, whereas the rims of pargasite are richer in Fe than



552

Fig. 3. Titanite phenocrysts in dacites from Porquesa and
Sajama Volcanoes. Scale bar : 100 pm. (A) Photomicrograph
in reflected light (POR-01). Glass (gray) and ilmenite (white)
included in titanite phenocryst (ight gray). (B) Backscattered
electron image of A. Zoning pattern is complex in the core and
simple in the rim. (C) Backscattered electron image of aggregate

NAKADA: TITANITE-BEARING DACITES

of titanite phenocrysts (706); mt : Ti-rich magnetite. The grain
in the lower part ofthe photograph is fragrnented and the bro-
ken edge is in contact with goundmass glass. A titanite fragment
is present in the upper right. All titanite phenocrysts have cor-
roded cores. (D) Backscattered electron image of titanite phe-
nocryst fringed with ilmenite needles (POR-02).

TABLE 3. Representative analyses of titanite phenocrysts

Saiama
706

Parinacota
M62

Porquesa
POR-01

sio,
Tio,
Alro3
FeO-
MnO
Mgo
CaO
Naro
Yro.
Larog
Ceroo
Ndros
SmrO.

Total
FelAl

29.4
36.5
1 . 1 9
1.45
0.13
0.09

26.7
0.06

o.44
0.43
0.17

28.9
35.4
1.33
1.82
0.06

25.5

0.27
0.74
1 . 1 0

95.1
0.96

29.4
36.6
1 .23
1.50
0.27

26.7

1 .06
1.O7
0.56

29.0
37.0
1 .25
1.41
0.24
0 . 1 1

26.4
0.27

0.67
1.O7
0.20

97.6
0.80

29.2
36.3
1.36
1.48
0.30

27.1

29.1
37.7
1 .01
1.20
0.09

26.s

30.0
37.7
0.99
1.31

27.4

0.37

0.29
0.66

98.7
0.95

98.3
0.86

96.5
0.85

0.50
0.86
0.42 0.49
0.33

97.8 96.0
0.78 0.83

Note.'Dash indicates less than the lower detection limit of the element (see text).
'Total Fe as FeO.
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Fig. 4. A1, Fe, and ZREE contents plotted against Ti and Ca
contents for titanite phenocrysts in Andean dacites; atomic
abundances calculated on a five-O atom basis. Symbols: circle,
Sajama; square, Parinacota; triangle, Porquesa. Dotted area is
for titanite in Japanese ganitoids (Nakada, unpublished data).
Crosses indicate analytical error.

the core (Table 4). However, pargasite is always more
enriched in Mg/(Mg * Fe,o,), t4rAl, Ti, and Na than horn-
blende (Fig. 6). M/(Mg + Fe,.,) ratio ranges for pargasite
are 0.75-0.68 in the Sajama volcanic rocks, 0.68-0.65 in
the Parinacota volcanic rocks, and 0.74-0.62 in the Por-
quesa volcanic rocks. For hornblende, these ratios are
0.6 6-0. 5 8, 0.64-0.62, and 0.64-0. 5 6, respectively.

Other mafic silicates

Biotite occurs in all thin sections as flaky reddish-brown
phenocrysts, less than 0.5 mm long, which do not show
notable chemical zoning (Table 5). The Mg/(Mg + Fe.,)
ratio is 0.66-0.58 in the Sajama volcanic rocks, 0.60-
0.58 in the Parinacota volcanic rocks (M62), and 0.54-
0.53 in the Porquesa volcanic rocks (POR-02).

Olivine and pyroxene were observed only in the Saja-
ma volcanic rocks. Euhedral olivine phenocrysts, less than
0.5 mm across, show no reaction relation with pyroxene.
The olivine is normally zoned in Mg; the Mgi(Mg + Fe,o,)
ratio of olivine is 0.82-0.78 (Table 6). Both diopside and
Fe-rich diopside (formerly termed salite) phenocrysts are
present in the dacites from Sajama Volcano. Diopside is
larger (as much as 0.5 mm long) and less abundant than
Fe-rich diopside; the former shows normal zoning in Mg
but the latter hardly shows chemical zoning (Table 6).
Wo content ranges from 42 to 44 molo/o in diopside and
from 45 to 47 molo/o in Fe-rich diopside, whereas Mg/
(Mg * Fe,..) ratios range from 0.83 to 0.78 and from 0.77
to 0.72, respectively. The Mg/(Mg + Fe,",) ratio of di-

0.10 0.15

Fig. 5. Fe,., plotted against Al contents for titanite pheno-
crysts in Andean dacites. The compositions of titanite crystals
in granitoids (Gromet and Silver, 1983; Ayuso, 1984; Sawka and
Chappell, 1988; Nakada, unpublished data), metarnorphic rocks
(Ernst and DalPaiz,1978; Ghent and Stout, 1984; Franz and
Spear, I 985; Nishiyama, unpublished data), and products ofhigh-
temperaturc and high-pressure experiments (Hellman and Green,
1979; Green and Pearson, 1986b) are shown for comparison.

opside is similar to that of olivine, indicating equilibrium
between olivine and diopside.

Fe-Ti oxide minerals

In all specimens, Ti-rich magnetite occurs as micro-
phenocrysts, less than 0.5 mm across, or as inclusions in
hornblende phenocrysts. It always shows exsolution tex-
tures with fine lamellae of hematite-ilmenite solid solu-
tion. Ti-rich magnetite rarely occurs in composite grains
with ilmenite. Ilmenite rarely occurs as small crystals in
the groundmass, which show no exsolution textures. No
groundmass ilmenite could be observed in the Parinacota
samples. Partitioning of Mg and Mn between Ti-rich
magnetite and ilmenite grains in these dacites (Table 7)
indicates equilibrium between these coexisting phases
(Bacon and Hirschmann, 1988).

Other minerals

Plagioclase is the most abundant phenocryst and mi-
crophenocryst in all samples. Phenocrysts, as much as 2.5
mm long, can be either clear or dusty. The latter show
the same texture as the dusty plagioclase described by
Tsuchiyama (1985); a corroded crystal with a partially
dissolved margin (ca. 0.1 mm thick) is mantled by aclear,
thin rim (as much as 30 m thick). The chemical compo-
sitions of feldspar phenocrysts were determined only for
the samples from the Sajama Volcano. In the Sajama
volcanic rocks, the cores of clear microphenocrysts are
the richest in Ca (An55) (Fig. 7); the most sodic compo-
sitions (An25) are found in the cores of dusty pheno-
crysts. The compositions of rims in both types of plagio-
clase approach An30. Euhedral crystals of sanidine, as
much as 1.5 mm long, occur in SiOr-rich samples; they

0.05
AI

0 9 0

0

T
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Fig. 7. Ternary An-Ab-Or plot for plagioclase and sanidine

phenocrysts in dacites from Sajama Volcano. Solvi and tie lines
for feldspars coexisting in equilibrium are shown for 750'C and
825 qC at I kbar (Fuhrman and Lindsley, 1988).

are sometimes corroded, and zoned from 0166 to 0160
(Fig. 7). Tie lines (Fig. 7; Fuhrman and Lindsley, 1988)
indicate that the sanidine is in equilibrium with the cores
of dusty plagioclase. In all rocks, quartz is euhedral but
corroded, and apatite is a microphenocrystic phase form-
ing needles as much as 0.3 mm long.

Sulfide could not be identified even as inclusions of
phenocrysts in this study.

INcr,usroNs rN TrrANrrE pHENocRysrs

Glass inclusions in titanite are rhyolitic and enriched
in KrO (Table 8); KrO/NarO ratios are much higher than
in whole-rock samples. TiO, contents range from 0.34 to
0.15 wto/o. The normative anorthite contents are less than
4 wto/o, and small amounts of normative corundum are
present. High KrO/NarO ratios and corundum-norna-
tive compositions may be attributed to Na migration away
from the electron beam during analysis. Glass inclusions

0.8

0.7

0 .6
12

Totol Al
Fig. 6. Tetrahedral A1, Ti, Na, and Mg/(Mg + Fe2*) plotted

against total Al of amphibole phenocrysts in Andean dacites.
Atomic abundances calculated on a 23-O atom basis. Fe3+/Fe,o,
was assumed as 0.3 accordilg to the experimental redox con-
ditions ofSpear (1981). Symbols as in Figure 4.

TABLE 4, Representative analyses of coexisting amphibole phenocrysts

a  c 0 r e
o  r i m

s ty  p tog ,  core

Salama (708) Parinacota (M62) Porquesa (POR-01)

Hb Par

core core core core @re core

sio,
Tio,
Al2o3
FeO*
MnO
Mgo
CaO
Na2O
KrO

Total
mg

46.5
1.75
7.47

14.43
0.29

13.7
1 1 . 6
2.01
1.09

98.8
62.8

48.3 42.8
1.36 3.74
6.35 10.3

13.4 10.6
0.31 0.08

14.5 15.1
11.7 1 1 .6
2.06 2.72
0.79 0.94

98.7 97.9
65.8 71.8

42.4 47.2
3.79 1.56

11.0 6.87
11.5  14 .6
0.13 0.36

14.1 13.3
1 1 .6 11.7
2.66 1.28
0.97 0.76

98.1 97.6
68.7 61.8

47.8 41.9
1.29 3.58
6.20 12.3

14.2 12.0
0.36 0.00

13.4 ',t3.7
11.7 1 1 .6
1 .18  2 .88
0.71 0.89

96.8 98.9
62.7 67.1

41.3 47.1
3 . 1 5  1 . 1 1

12.2 6.75
12.3 14.6
0.50 0.50

13.3 13.0
11 .2  11 .6
2.69 1.25
0.87 0.67

97.5 96.5
65.9 61.4

46.4 41.6 43.1
1.21 3.77 3.28
6.88 11.8 10.9

14.2 12.2 12.7
0.49 0.09 0.06

13.1 13.4 13.4
11 .5  11 .4  11 .6
1.21 2.42 2.44
0.76 0.54 0.65

95.7 97.2 98.1
62.1 66.3 65.3

Note: Pat: pargasite, Hb: edenitic-homblende to hornbtende, mg: 100 x Mg/(Mg + >Fe).. Total Fe as FeO.
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TABLE 5. Chemical analyses of biotite phenocrysts in titanite-bearing dacites

555

Salama Porquesa

706 708 M62

sio,
Tio,
Al2o3
FeO-
MnO
Mgo
Na"O
K"O

Total
mg

37.2
4.43

13.0
17.1
0 .15

14.3
1.06
9.05

96.2
s9.8

37.4
4.86

13.4
17.0
o.02

14.1
0.83
9.22

96.8
59.7

36.1
4.63

13.3
17.4
o.24

13.7
0.43
9.16

94.9
58.3

36.1
5 .11

13.7
17.2
0 .14

13.5
0.60
9 .15

95.5
58.3

36.9
4.30

13.1
16.2
0.09

13.5
1 .01
8.85

93.9
59.7

35.9
3.99

13.0
18.8
0.28'12.4

0.98
9.15

94.4
53.9

35.7
4.09

12.8
18.3
0.24

12.2
0.98
9.08

93.3
54.3

" Total Fe as FeO.

coexisting with titanite in hornblende phenocrysts are
similar in composition to those in titanite (Table 8), al-
though they are diopside normative. Postentrapment
crystallization of the host crystal (titanite) on the inclu-
sion wall causes a decrease in the TiO, and CaO contents
of the melt inclusions, so that normative corundum con-
tents increase in compensation for the decrease in nor-
mative anorthite content.

Ilmenite grains in titanite show subhedral to irregular,
rounded forms. The ilmenite is always exsolved, such
that fine lamellae of a Ti-rich phase (probably rutile) oc-
cur in the host ilmenite (Fig. 2D). The RrO, content of
grains of ilmenite inclusions is higher than that of
groundmass ilmenite (Tables 7 and 9). Discrete, small,
rounded grains of homogeneous hematite are rarely in-
cluded in titanite and do not touch the ilmenite inclusions
(Fig. 2D).

Drscussrox
Composition and stability of titanite in silicate melts

The temperatwe-forrelations for the reaction

titanite + magnetite + quartz
: ilmenite * calcic silicate + O (l)

were reported in Wones (1989). He concluded that higher

/6, is implied by association of the assemblage titanite +
magnetite + quaftz with Ca-rich pyroxene (or calcic am-
phibole) of higher Mg/(Mg * Fe,o,), and that somewhat
lower fo. is implied by the same quartz-free assemblage.
The absence of magnetite also reduces the f6r limit on
titanite stability. The latter two conditions were em-
ployed in the experiments of Helz (1973) and Green and
Pearson (1986a, 1986b, 1987), allowing titanite to crys-
tallize from quartz- and magnetite-undersaturated melts
at relatively low for. Nevertheless, relatively oxidized
conditions may be more typical in natural silica-rich
magmas, which usually contain quartz and Ti-rich mag-
netite phenocrysts.

High-pressure experiments (Yodor and Tilley, 1962;
Helz, 1973; Hellman and Green, 1979) indicate that ti-
tanite crystallizes from hydrous partial melts of Ti-rich
mafic rock only at temperatures near the wet solidus. This
also implies instability of titanite in melts at atmospheric
pressure. Experiments of Green and Pearson (1986a)
showed that the TiO, content of melts saturated with Ti-
rich accessory phases decreases with decreasing temper-
ature, increasing pressure, and increasing SiO, content in
the melt. Thus, Ti-rich ac@ssory phases may become sta-
ble in cooled SiOr-rich melts at crustal pressures, even if
the melt is not enriched in TiOr. In a magma chamber,
residual melt will become saturated with HrO on cooling

TABLE 6. Chemical analyses of olivine and clinopyroxene phenocrysts in titanite-bearing dacites from Sajama Volcano

801
Olivine

801
Diopside

708
Fe-rich diopside

sio,
Tio,
Al2o3
FeO"
MnO
Mgo
CaO
Naro

Total
mg

38.8

o.27
17.45
0.10

43.2
0.09

99.9
81.5

38.1

0.04
18.29
0.17

41.8
0 .11

51.4
0.07
2.99
5.89

16.3
20.6
0.54

97.8
83.1

51.4
0.61
3.33
6.18
0.27

15.9
21.3
0.41

99.4
82.1

52.4
0.27
0.84
8.59
o.44

13.1
22.9
0.94

99.5
73.1

98.5
80.3

52.6
0.21
0.62
8.57
0.53

13.0
23.0
0.79

99.3
73.1

'Total Fe as FeO.
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TABLE 7. Chemical analyses of Fe-Ti oxide minerals in titanite-bearing dacites

Sajama Parina Porquesa
801 708

mt ilm
3 3

mt ilm
3 3

mt
3

mt ilm
8 6

mt
3

mt ilm
N 4 3

sio,
Tio,
Al2o3
FerO"
FeO
MnO
Mgo
CaO

Total
Mn/Mg
X,"o
Xt^
rfc)
Alog fo,

0.36
o.co
1.42

53.5
33.9

0.28
1.94
0.06

98.0
0.082
0.187

0.40
39.3
0.06

27.1
31.6
0.65
1.98
0.03

1 0 1 . 1
0 .19

0.71
5.05
1 .01

55.4
34.4
0.65
0.67
0 .12

98.0
0.54
0.150

2.05
4.70
2.16

52.3
34.0
0.85
1.58
0.58

98.2
0.30
0.145

0.93
42.5
0.26

18.7
38.s
1.O7
2.54
o.17

99.7
o.24

0.8100.779
815

2.4

0.69 0.57
39.8 5.10
0.13 1.35

21.1 55.6
31.3 33.7
0.37 0.51
2.68 0.94
0.11 0.05

96.2 97.8
0.078 0.31

0.149

0.61
5.68't.32

54.8
34.0
0.49
1.45
0 . 1 1

98.5
0.20
0.164

0.732
810

2.7

0.51 0.,13
4.63 38.9
1 .01  0 .12

56.6 25.3
33.5 31.8
0.52 0.90
0.73 1.47
0.32 0.09

97.8 99.0
0.41 0.34
0.136

o.746
768

2 .6
780

2.9

Notej m! : Ti-rich magnetite, ilm : ilmenite, N: number of area analyses. The Alog fo, = fo, relative to FMe. FerO", FeO, ulvdspinel (X*e), and
ilmenite (Xil contents were calculated according to Stormer (1983). The Alog fo. and tempeiaturswere calculated according to Andersen and Lindsley
(1 e88).

toward the wet solidus. If f" is suitable for titanite sta-
bility, it easily crystallizes from these residual melts. Thus,
titanite phenocrysts may form in low temperature silica-
rich magmas that are hydrous and relatively oxidized.

The Fe/Al ratios ofthe Andean titanite phenocrysts are
approximately I (Fig. 5, Table 3), as is typical for vol-
canic titanites (e.g., Cundai, 1979; Giannetti and Luhr,
1983; Luhr et al., 1984; Wdrner and Schmincke, 1984).
Fe/Al ratios in titanite from granitoids range from 0.5 to
1.0 (Fig. 5). Titanite precipitated from melts in high tem-
perature-pressure experiments (Hellman and Green. 1979:

Tmu 8. Chemical analyses of glass inclusions in titanite and
h"r.bl"rd" ph""".

Sajama Parinacota Porquesa

POR{1
4

Green and Pearson, 1986b) has Fe/Al ratios less than 0.5.
Finally, FelAl ratios in metamorphic titanite are much
Iess than 0.5 (Fig. 5).

The incorporation of Al and Fe in titanite can be ex-
plained by the following substitutions (e.g., Ribbe, 1980),

(Al, Fe)3+ + REE3+ : Ca2+ + Ti4+
(Al, Fe)3* : Ti4+ + (OH, F, CD

Fel+ * REE3':Ca3tr +TiX+

Equation 2 cannot explain the chemical variations ob-
served (Fig. 4) because Ca content has no correlation with
Fe or Al contents and )REE content shows no correlation
with Ti content. The observed variations are likely con-
trolled by a combination of Equations 3 and 4.

Titanite from granitoids, which is typically less en-
riched in REE than the volcanic titanite studied, has Al
contents as high as volcanic titanite, but lower Fe con-

TABLE 9. Chemical analyses of Fe-Ti oxide minerals included in
titanite phenocrysts

Saiama Parinacota Porque

M62

(2)
(3)
(4)

M62
1

706 708
N 1 2

M62(hb)
2

sio,
Tio,
Al2o3
FeO.
MnO
Mgo
CaO
Naro
KrO

Total
CIPW norm
o
or
ab
an
c
di
hy
ilm
mt

75.6 76.3
0.15 0.31

12.6 12.4
0.59 0.75
0.06 0.12
0.24 0.13
0.75 0.52
2.96 3.65
5.07 5.26

98.0 99.4

73.8
0.32

12.3
0.84

0.25
0.20
3.45
5.47

96.6

33.1
33.4
30.2
1 . 0
0.3

75.5
0.34

12.4
0.3s
0.04
o.24
0.44
3.22
s.24

97.7

36.7
31.6
27.8
1 . 0
1 . 1

37.6
30.6
25.6
3.8
0.8

33.8
31.3
3 1 . 1
1 . 9

75.8
0.22

12.4
0.61
0.15
0.15
0.68
2.82
4.50

97.3

39.7
28.2
25.3
3.6
1 .8

0.44
34.6
o .12

33.0
29.0
0.57
0.98
o.27

99.0
0.32
0.669

i lm
6

ilm hm
7 2

ilm ilm
N 2 2

0.6
0.4
0.4

0.6
0.3
0.6
0.5

i, os o,
0.6 0.7 0.3
0.6 0.3 0.4

sio,
Tio,
Al2o3
FerO.
FeO
MnO
Mgo
CaO

Total
Mn/Mg
x,,^

0.31 0.44
33.7 38.0
0.21 0.13

33.0 37.3
27.2 27.2
0.61 0.45
1 .19 1 .27
0.55 0.24

96.8 100.0

0.44 0.27
11.1  37 .2
01 .6 0.13

78.0 28.4
7.26 31 .0
0.69 1.01
1.01 0.84
0.60 0.19

99.3 99.0
0.38 0.69
0.195 0.716

Notei (hb): glass together with titanite included in hornbtende. Fe,O.
was assumed as 0.4 x >FeO., for ClpW norm.- Total Fe as FeO.

0.30
0.660

o.21
0.629

Note.'hm : hematite.
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tents (Fig. 4). This fact indicates that REEs were incor-
porated into these titanite samples according to Equation
4 rather than Equation 2. Hellman and Green (1979) and
Franz and Spear (1985) showed that Al rather than Fe3+
preferentially enters into the titanite structure at higher
pressures. Green and Pearson (1986b) showed experi-
mentally that substitution according to Equation 2 oc-
curred in titanite crystallized from silicate melts at pres-
sures greater than 7 kbar. These observations suggest that
REEs are coupled with Fe2+ at relatively low pressure and
with Al at high pressure.

Magrna mixing

The coexistence ofpargasite and hornblende in all da-
cites studied and ofdiopside and Fe-rich diopside in the
Sajama voleanic rocks suggests mixing of two magmas.
The time interval between mixing and eruption was short,
as these phenocrysts do not show notable compositional
zoning. This is also supported by the coexistence of Mg-
rich olivine and quartz without reaction rims. The two
equilibrium phenocryst assemblages before mixing can be
estimated from Mg-Fe partitioning among mafic pheno-
crysts, phenocryst aggregation textures, and inclusion re-
lationship: (l) hornblende + biotite + titanite + Ti-rich
magnetite + Fe-rich diopside + sanidine + q\artz +
sodic, dusty plagioclase, and (2) pargasite a diopside +
olivine + plagioclase. These assemblages represent rhyol-
itic and mafic magma, respectively. Probably, the rims of
phenocrysts grew slightly in the mixed magma or were
modified chemically. The outermost rims on dusty pla-
gioclase phenocrysts may have grown in the mixed mag-
ma after rapid growth on the original crystal margin rath-
er than after dissolution ofit.

Experimental results on dissolution of plagioclase at I
atm (Tsuchiyama, 1985) showed that the rate of partial
dissolution depends on magma temperature and is ex-
tremely slow at low temperature; 100-1000 yr are nec-
essary for a dusty zone of 100 pm width to form even at
1000'C in a dry melt. If this is so, a more complicated
scenario of magma mixing must be considered for the
dacites. However, fu2o ma! be of great importance. The
morphologies of dusty plagioclase closely resemble the
reaction rims on plagioclase that were obtained experi-
mentally by Johannes (1989). His experiments on melting
of plagioclase-qwrtz assemblages at2-kbar HrO pressure
showed that a wide reaction rim consisting of glass and
An-rich plagioclase developed around unchanged plagio-
clase at low temperatures during a short time; a reaction
rim of approximately 50 pm width formed at 875 "C in
4 d .

T, P, and f- conditions

Equilibration temperatures of the mafic magma at Sa-
jama may be estimated at roughly 1000 'C, based on
experimental studies of the partitioning of Fe-Mg be-
tween diopside and olivine (e.g., Grove et al., 1982). Ex-

perimental results on amphibole stability (Gilbert et al.,
1982) demonstrate that the upper stability limit of par-
gasite in basaltic to andesitic melts is approximately 950
"C at a few kilobars and near 1050 "C at higher pressures.
Coexistence of plagioclase with pargasite in a mafic mag-
ma may indicate that the magma was hydrous and at
relatively low pressure, since the stability field ofplagio-
clase is drastically reduced with increasing pressure (e.g.,
Green, 1982). Therefore, the equilibration temperature
of the mafic magma was unlikely to have been higher
than 950'C.

A core of dusty plagioclase and sanidine in a Sajama
dacite gives a temperature of approximately 750'C with
the two-feldspar geothermometer (Fuhrman and Linds-
ley, 1988; Fig. 7). This value is consistent with the esti-
mated temperatures of 700-740 "C obtained from a dusty
plagioclase core and hornblende with the geothermome-
ter of Blundy and Holland (1990). Coexistence of he-
matite and ilmenite in the titanite phenocrysts gives in-
formation on temperature arl.d forof the rhyolitic magma
(Spencer and Lindsley, l98l; Burton, 1984). The /", is
approximately I log unit below the HM buffer, and the
temperature is as low as 700 "C (Fig. 8). The rhyolitic
magma is thought to have had stable hornblende, biotite,
qtJartz, plagioclase, sanidine, titanite, and Ti-rich mag-
netite, all of which are required to use the geobarometer
based on the Al content of hornblende (Johnson and
Rutherford, 1989). The estimated pressure ranges from
1.2 to 3.3 kbar.

Magrna chamber model

That all of the dacites studied show evidence of mixing
between rhyolitic and mafic magmas implies that rhyolit-
ic and mafic magmas commonly were present simulta-
neously beneath these volcanoes. A possible magma
chamber model for the central Andean volcanoes is sim-
ilar to that proposed for large-scale pyroclastic flow de-
posits with compositional gradients (e.g., Hildreth, 198 l)
or a magma chamber that is replenished by denser, more
mafic magma (e.g., Huppert et al., 1982); in either case
magma was stratified compositionally within the cham-
ber, with mafic magma overlain by rhyolitic magma. In
such a magma chamber, mixing between the two magmas
could occur in the chamber just before eruption (e.g.,
Sparks et al., 1977) or inthe conduit during eruption (e.g.,
Koyaguchi, 1985).

Temperatures deduced from the compositions of Ti-
rich magnetite microphenocrysts and groundmass ilmen-
ite in the Sajama and Porquesa volcanic rocks are 770-
810 lC at an fo2 of approximately 2log units above the
Ni-NiO buffer (Table 7, Fig. 8). These temperatures are
higher than those estimated for the rhyolitic magma and
probably lower than that of the mafic magma. Because
the Fe-Ti oxide minerals are the most sensitive to physio-
chemical change (Bacon and Hirschmann, 1988), it is
possible that the Tirich magnetite microphenocrysts
changed composition following magma mixing. Thus,
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these temperatures and ,6, values may represent those of
the mixed magmas.

It would be expected that heating of the rhyolitic mag-
ma during magma mixing would cause rhyolitic melt
trapped in titanite phenocrysts to be oversaturated in HrO,
because HrO solubility in silicate melts decreases with
increasing temperature (e.g., Burnham and Jahns, 1962).
As a result, the melt could have vesiculated and expanded
during mixing and eruption so that the titanite pheno-
crysts were broken. Alternatively, depressurization dur-
ing eruption might have been adequate to vesiculate and
expand the melt inclusions.

Evidence for reduction and oxidation
Because the time interval between mixing and eruption

was short in the Andean dacites, textures within the ti-
tanite phenocrysts should record physiochemical changes
in the rhyolitic magma before mixing. Resorption of the
titanite phenocrysts implies instability during crystalli-
zation. Titanite becomes unstable in silicate melts by the
following mechanisms: (l) decreasing fo,; (2) increasing
temperature; and (3) decreasing SiO, or TiO, contents in
the melt (Green and Pearson, 1986a). These conditions
could have been brought about by a previous magma
mixing event. However, phenocrysts coexisting with the
titanite phenocrysts in these dacites show little evidence
of drastic changes in the composition of coexisting melts
during their crystallization before mixing.

The occurrence of resorbed crystals of titanite sur-
rounded by ilmenite coronas in the studied dacites (Fig.
3D) implies reaction between titanite and ilmenite before
or during eruption, as suggested by Czamanske (1988).
Because hornblende, Ti-rich magnetite, and quartz were
present in the rhyolitic magma from which titanite crys-
tallized, a reduction reaction such as Equation I was
probably responsible for resorption oftitanite and growth
of ilmenite. The ilmenite inclusion zones in titanite phe-
nocrysts (Fig. 2) record a similar event, although ilmenite
inclusions are more enriched in RrO, than the corona
ilmenite. Overgrowh oftitanite on the ilmenite inclusion
zones indicates a return to a more oxidizing condition
(Eq. l). Czamanske (personal communication, 1989) has
similarly interpreted identical textures found in titanite
in granodiorites of the high-level granitoids at Questa,
New Mexico. Ilmenite was partly resorbed and enclosed
along with melt within newly precipitated titanite. The
FeTiO. component was preferentially extracted from the
ilmenite inclusions once oxidation resumed, so that their
bulk compositions shifted toward FerOr, leading to pre-
cipitation of hematite as they reached the ilmenite-he-
matite solvus.

Mafic silicates may also reflect oxidation and reduction
in the magma. Hornblende and biotite were abundant
mafic silicates in the silicic magmas, and these minerals
show little chemical zoning in these Andean dacites. Both
minerals contain Fe3+ as well as Fe2+, so that Mgl(Mg +
Fe,.,) may not have changed measurably during the ex-
cursion in /", that was critical to titanite stability.

ry-
it ic mogmo"Imss-Hemss

% Porqueso
Sojomo

a a

NNO

700 900
T ( 'C)

Fig. 8. Oxygen fugacity relative to FMQ (Alog f,) plotted
against temperature for Andean dacites. Oxygen fugacities and
temperatures were estimated from Ti-rich magnetite microphe-
nocrysts and groundmass ilmenite according to Andersen and
Lindsley (1988) using the Stormer (1983) recalculation ofanal-
yses. Dots for titanite-bearing volcanic rocks from the literature
of Lipman (1971) and Whitney and Stormer (1985), whose data
were also recalculated by the above methods. The field labeled
Ilm*-Hem"" represents the coexisting ilmenite and hematite solid
solutions (Spencer and Lindsley, l98l).

Reduction and oxidation in the magma chamber

The forvalues deduced for the mixed magmas are ap-
proximately 2 log units above the Ni-NiO buffer, and
those for the rhyolitic magmas are roughly I log unit
higher (Fig. 8), implying differences in /o, between the
rhyolitic and mafic magmas. Czamanske and Wones
(1973) reported increasing "fo, with crystallization in the
Finnmarka Intrusive Complex. The fr-temperature re-
lations for titanite-bearing dacites-rhyolites from the San
Juan Mountains, Colorado (Lipman, l97l; Whitney and
Stormer, 1985) show a similar trend; relative to buffer
curves, 6, increased with cooling (Fig. 8). Calculation of
chemical mass transfer based on thermodynamic rela-
tions (Ghiorso and Carmichael, 1985) showed that fo,of
residual liquids undergoes a relative increase during crys-
tallization in a system closed to O. Oxidation in the
rhyolitic nugma may be caused by the loss of H, gas
during devolatilization of magma (Czamanske and Wones,
1973; Burnham, 1979; Czamanske, 1988) or by contam-
ination with ground water and pyrite-bearing country
rocks (Gerlach and Nordlie, 1975; Whitney and Stormer,
l  983) .

As SO, is the principal S gas species in highly oxidized
magmas, escape of SOr-rich gas from magma nray cause
reduction of the residual magmas (Gerlach and Nordlie,
1975; Whitney, 1984; Carmichael and Ghiorso, 1986).
Loss of S-rich gas from hydrous magma can suppress the

a
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oxidizing trend due to crystallization, devolatilization, or
contamination; as a result, titanite may be resorbed and
an ilmenite corona may form. Because S contents in high-
ly oxidized silicic melts are very low (e.g., Carmichael
and Ghiorso, 1986), S in the magma is consumed by
escape of SO, gas in the early stage of degassing (Gerlach
and Nordlie, 1975; Burnham, 1979). The successive de-
gassing will cause the magma to oxidize rapidly due to
H, gas escape. The rapid growth of titanite in inclusion
zones may be promoted by such oxidation.

Suprvr.lv

Titanite-bearing dacites from the central volcanic zone
of the Andes commonly show evidence of magma mix-
ing. Hornblende and pargasite phenocrysts coexist in all
the studied dacites as a result of mixing between pargas-
ite-bearing mafic magma and hornblende-bearing rhyo-
litic magma. Two populations of clear (less sodic) and dusty
(more sodic) plagioclase phenocrysts are present. In some
samples, unreacted olivine and quartz phenocrysts co-
exist. The time intervals between mixing and eruption
are thought to have been short, such that reaction rims
were slightly formed on the amphibole and plagioclase.

The rhyolite magmas were relatively cool, hydrous, and
highly oxidized at shallow levels in the crust, whereas the
mafic magmas were hotter and less oxidized. In the mag-
ma chambers, the rhyolitic magmas may have been un-
derlain by the mafic magmas. Titanite crystallized from
the rhyolitic magma. Reduction events in the magma
chambers were recorded in titanite phenocrysts by Fe-Ti
oxide and melt inclusion zones and irregular zoning pat-
terns. Overgrowth of titanite on the inclusion zones re-
cords oxidation that occurred after the reduction events.
The changes from reduction to oxidation may have re-
sulted from escape of S-rich gas from the rhyolite mag-
mas in the early stages of devolatilization and of S-defi-
cient gas in the later stages. Finally, titanite phenocrysts
were fragmented because of expansion of melt inclusions
caused by heating during mixing or unloading during
eruption.
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