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Composition of volcanic allanite from the Toba Tuffs, Sumatrao Indonesia
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Ansrru.cr

The crystal-rich, chemically zoned Toba Tuffs commonly contain accessory allanite.
Electron-microprobe analyses of this LREE-rich phase exhibit significant variations that
correlate generally with magmatic evolution and temperature. Allanite compositions from
the different Toba Tuffs mostly overlap, althorrgh selected elements allow distinction among
the units. Fractionation of allanite from the Toba magmas can be demonstrated from
bulk-rock and glass rN,la. CrystaVliquid distribution coefficients permit calculation of frac-
tionated proportions and modal abundances. Toba Tuffs that erupted below 800 .C contain
allanite regardless of bulk-rock composition, whereas samples that erupted above 800 .C

contain none. Bishop Tuff allanites generally have higher concentrations of LREEs than
Toba's, even though their bulk rocks have lower LREE abundances. Apparently temper-
ature is a critical factor that influences allanite crystallization, and magmatic LREE con-
centrations are of little importance.

INrnonucrroN allanites from Skye granites, a granodiorite from the Pen-

The largest euaternary volcanic eruption on Earth oc- insular batholith of California, and the Cordilleran Paine

curred in northern Sumatra 75000 years ago from the granite of southern Chile, respectively. A metamorphic

Toba caldera complex (Fig. l). Thii eruption was the occurr€nce in British columbia has been described by

fourth igrimbrite-forming eruption from toUa ln the past Camptell and Ethier (1984)' Volcanic allanite has been

| .2 m.y-. These eruprions have left a 100 x 30 km caliera 9..tglb:9 q"m the Bishop Tuff in california bv Hildreth

complex that parallels the active volcanic front of Su- 0977,1979) and from the Sandy Braes welded tuffof

matra. From oldest to youngest, the four tuffs erupted Northern Ireland by Brooks et al. (1981). This paper de-

from Toba include rhe 1.2 Ma Haranggoal Dacite Tuff sgri!:s-the character and composition of allanites from

(HDT), followed by the 0.g4 Ma oldest Toba Tuf (oTT), the Toba Tufs, discusses crystallization and fractionation

the 0.50 Ma Middle Toba Tuff(MTT), and finally the 75 effects, evaluates crystal/liquid distribution coefrcients,

ka youngest Toba Tuff(yTT) (Knight et al., lgg6; ches- and compares the allanite of the Toba Tuffs with other

ner, unpublished data). Ofthese, th" thr.. youngest tuffs volcanic occrurences described in the literature'

are compositionally zoned from calc-alkalic rhyolite (760lo
SiOr) to quartz latite (680/o SiOr) (Chesner, 1985). The
compositional zonation of these rocks can be shown to AN'q'r'YTrcA'r- TECHNTQUES

originate mostly from crystal fractionation of the wide Allanite was separated by heavy liquids and concen-
variety of mineral phases in Toba rocks. Crystal contents trated magnetically. Polished mineral mounts were pre-
as high as 40 wto/o consist of quarlz, sanidine, plagioslass, pared, and wavelength-dispersive analyses were per-
biotite, and amphibole, with minor orthopyroxene, mag- formed with a Cameca electron microprobe at Washington
netite, ilmenite, fayalite, zircon, and allanite. Inclusions State University. Operating conditions and standards used
ofapatite occur in most phases, and pyrrhotite was noted appear in Table l. Precision and accuracy are considered
in Fe-Ti oxides and zircon. Of particular interest is the to be better than l0l0, and detection limits are generally
occurrence of allanite, which is rare or absent in most between 0.05 and 0.10 wto/0. Selected allanite concen-
volcanic rocks, but abundant at Toba. Marel (1948) not- trates and associated glasses were also analyzed by rN.l,,l,
ed that allanite can be used as a characteristic guide min- at Washington State University. Samples were analyzed
eral of the Toba Tuffs on eastern Sumatra. for La, Ce, Sm, Eu, Tb, Yb, and Lu. Gamma-ray energies

Although accessory allanite has been noted in various were counted on a GE (Li) high-resolution spectrometer.
igneous and metamorphic rocks, chemical descriptions Analyzed concentrations for these elements are well above
are scarce. Exley (1980), Gromet and Silver (1983), and detection limits and generally precise and accurate within
Michael (1984) reported electron-microprobe analyses of 5o/o.

0003-004x/89/0708-0750$02.00 7 50



INDONESIA

2| ' - \*o FloREs

- 
\-----{Iieo"s&

r zooE

CHESNER AND ETTLINGER: VOLCANIC ALLANITE 751

TABLE 1, Standards used for wDS electron-microprobe analyses
of Toba allanite

Standard

si
t l

AI
Fe
Mn
Mg
UA

La
UE
Pr
Nd
Sm
Th

Quartz
Sphene
REE.3-
Hematite
Spessartine
Olivine
Diopside
REE-3-
REE.3'
CeOr'
REE-3-
REE.2-
REE.2-
Thor'

Fig. l. Tectonic and location map of the Toba caldera.

Psrnocnc.pHy

Allanite is present in thin sections from the three
youngest tuffs erupted at Toba regardless of their bulk-
rock composition (Fig. 2). It also occurs in a few post-
YTT lava domes but is absent from the HDT. Pheno-
crysts are commonly euhedral, twinned, up to 0.5 mm in
length, and pleochroic from deep red-brown to light green.
Refractive indices determined by Marel (1948) are a :
1.13,0: 1.74, and 7 : 1.75. Abundant apatite rods and
needles and less commonly magnetite and zircon are in-
cluded in the phenocrysts. Negative crystal-melt inclu-
sions up to 0.05 mm occur in most phenocrysts. Multipte

Note:25-kV accelerating voltage; 8-pm beam diameter; standard ZAF
data reduction.

' Synthetic standards: REE-2, REE-3 from Drake and Weill (1972).

inclusion sets occur where an allanite has apatite or zir-
con inclusions that contain an inclusion with a vapor
bubble. Whether these smallest inclusions are also apa-
tites or zircons or are negative-crystal melt inclusions has
not been established, but the presence ofthe vapor bub-
ble suggests that most are melt inclusions.

B 4
(

t

Fig.2. Photomicrographs of Toba allanite. (A) Euhedral phenocryst in welded tutr @) Twinned phenocryst in incipiently welded
tutr (C) Melt inclusion with vapor bubble. (D) Apatite? andlor zircon inclusions in allanite.
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TABLE 2. Representative allanite etectron-microprobe analyses and structural formulas from the Toba Tuffs

OTT Domes

3-17-28-174-11&1 328-1 99-2 51 A5-2 84A4-2 89A2-2 67-1

sio,
Tio,
Al2o3
Fe2O3
FeO
MnO
Mgo
Cao
Y.O"
La"O,
Ce2o3
PrrO"
Nd2oe
Smroe
Tho,

Total

Ti
AI
FeP+
Fe2t
Mn
Mg

Total

Ga

LA
Ce
Pr
Nd
Sm
Th

Total

32.96
0.89

14.88
2.77

11.87
0.36
1  . 1 5

10.52
0.10
7.38

1 1 . 6 9
0.90
2.64
0.24
1.03

99.38

3.098
0.063
1.649
0.1 96
0.933
0.029
0.161
3.031

1.059
0.005
0.256
0.402
0.031
0.089
0.008
0.022
1.872

32.36
1.24

14.11
2.11

12.48
0.30
1 . 1 5
9.93
0.14
7.43

12.'16
1.00
2.93
0.18
0.89

98.41

3.100
0.089
1.594
0.152
1.000
0.o24
0.164
3.023
1 .019
0.007
0.263
0.427
0.03s
0.1 00
0.006
0.019
1.876

31.74
1.08

14.05
3.42

1 1 . 0 1
0.37
1.33

10.17
0.07
7.61

1 1 .98
1.01
2.85
0.13
0.93

97.75

3.061
0.078
1.597
0.248
0.888
0.030
0.191
3.032

1.051
0.004
0.271
0.423
0.035
0.098
0.004
0.020
1.942

32.61 32.24
0.89 0.98

13.99 14.12
3.04 3.57

12.83 1 1 .78
0.66 0.42
0.84 0.94
9 95 10.44
0.29 0.13
5.77 6.93

11.25 1 1 .73
1 . 0 9  1 . 1 1
3.61 3.00
0.47 0.25
1.75 1 .37

99 04 99.01

3.109 3.074
0.064 0.070
1.573 1.587
0.218 0.256
1 023 0.939
0.053 0.034
0.119 0 .134
3.050 3.020

1.017 1.067
0.015 0.007
0.203 0.244
0.393 0.410
0.038 0.039
0.123 0.102
0.015 0.008
0.038 0.030
1.842 1.907

31.40 31 .67
0.78 1.49

13.70 13.75
2.81 3.48

13.57 1 1 .58
0.67 0.24
0.41 1.00
9.13 10.40
0.48 0.16
4.80 7.13

1 0.81 12.09't .21 1.15
4.51 3.36
0.80 0.2s
2.17 0.56

97.25 98.31

3.087 3.048
0.058 0.108
1 .s88 1.560
0.208 0.252
1.116 0 .932
0.056 0.020
0.060 0.143
3.086 3.015

0.962 1.073
0.025 0.008
0j74 0.253
0.389 0.426
0.043 0.040
0.158 0 .1  16
0.027 0.008
0.049 0.012
1.827 1.936

31.2',t 32.55
0.90 0.96

13.15 13.87
4.36 3.18

1 1 . 5 6  1 1 . 9 6
0.99 0.62
0.90  1 .12
9.54  10 .17
0.43 0.20
5.95 6.82

1 1 .76 11 .76
1.17  0 .97
3.83 3.09
0.46 0.37
1.83 1.35

98.04 98.99

3.051 3.103
0.066 0.069
1 .516 1 .559
0.320 0.228
0.945 0.953
0.082 0.050
0.131 0 .159
3.060 3.018

0.999 1.039
0.022 0.010
0.215 0.240
0.421 0.410
0.042 0.034
0.134 0.105
0.015 0.012
0.041 0.029
1.889 1 .879

30.92 32.00
1.01 0.96

12.99 14.21
5j2 3.42

10.66 11.02
0.72 0.42
1.01  1 .20

10j2 10.42
0.27 0.05
6.41 7.11

1 1 .51 11.71
1.08 0.98
3.41 2.67
0.35 0.19
1.73 0.87

97.31 97.23

3.032 3.081
0.074 0.070
1.502 1.613
0.378 0.248
0.874 0.887
0.060 0.034
0.148 0.172
3.036 3.024

1.063 1 .075
0.014 0.003
0.232 0.252
0.413 0.413
0.039 0.034
0.1 19 0.092
0.012 0.006
0.039 0.019
1.931 1.894

CoNrposrrroNI

Allanite is a monoclinic member of the epidote group
and has a general formula of (Ca,REE,Th)r(Fe2*Fe3+-
Al)3Si3OrrOH. Dollase (1971) gave the site-specific gen-
eral formula as A2M3Si3OrrOH. In both epidote (CarFe3*-
Al2Si3OlrOH) and allanite, the A(l) site is always filled by
Ca2*. However in allanite, Ca2* it the larger A(2) site is
substituted for by considerable amounts of REE3*, Th4+,

sent the compositional variation of the allanite-bearing
tuffs. In order to assess compositional zonation of indi-
vidual phenocrysts, rims and cores of some crystals were
analyzed. Structural formulas were calculated on the ba-
sis of 8 cations, and the total negative charge was then
adjusted to 25, enabling estimation of the Fe2*/Fe3* ratio
(Table 2). The average structural formula for the entire
suite is given below.

(Ca, oor\ o,ol-a" 23eCe6 oqePrs s3rNdo ,orSmo.o'Th oro), ,ro(FefrirrFefr.irnAl, ,rrMno oorMg ,r,Tio orr)3 035Si3 o?5Or2OH

Sr2*, and possibly Mn2*. Charge balance is maintained by
the coupled substitution Cafli,Feflnir, : REElirFefrni',. Pea-
cor and Dunn (1988) have shown that complete octahe-
dral-site assignments and Fe2*/Fe3* estimates in allanite
require F and H analyses. In the absence of these data,
the octahedral sites in order of size are M(3) > M(l) >
M(2). The M(3) and M(1) sites are occupied by Al3+, Fe3+,
Fe2*, Mn3*, Tia", and Mg2*, and M(2) is filled by Al3*
(Dollase, l97l; Exley, 1980).

Electron-microprobe analyses

Approximately 70 allanite phenocrysts were analyzed
by electron microprobe. Two or three phenocrysts were
analyzed from each sample; these were chosen to repre-

The average total of all analyses is 98.64010, which implies
a water content of about l.36Vo. Water content calculated
for the above formula is 1.550/0, and both estimates fall
within the range for allanite reported by Deer et al. (1962)
of 1.08-3.330/0. Total rare-earth oxide contents exceed 23
wt0/0, and La and Ce are >l0s times chondritic abun-
dances.

INAA

Neutron-activation analyses were performed on three
bulk samples and seven mineral separates of allanite and
corresponding glasses that represent the three allanite-
bearing Toba Tufs (Tables 3a, and 3b). The rNla allanite
data represent minimum concentrations because of the
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TABLE 3A. INAA of allanite separates (given in ppm, unless designated otherwise)

MTT OTT

21A5A 94A5A 8A 7A 15AA 27A 744

Ce
Sm
Eu
Tb
Yb
Lu

LazOs ("/")
CerO3 (%)
SmrO3 (%)

1 2690
21110

466
18.9
1 4
21
2.80

1 .49
2.47
0.05

48000
77060
2061

45.3
63

103
1 1 . 9 1

5.63
9.03
0.24

38820
76850
1 836

68.9
co
97
9 . 1 1

4.55
9.00
0.21

46280
85590
3109

68.9
86

136
13.3

5.43
10.03
0.36

1 1 0 3 0 0
82 630
6 055

41.9
83

143
12.59

12.94
9.68
0.70

38190 43360
76000 86870
1993 1999

41.2 46 8
77 75

146 149
16.20 16.62

4.48 5.09
8.90  10 .18
0.23 0.23

Nofe.' Because of significant deviation from other samples, 21A5A and 15AA are not considered representative of Toba allanite.

TABLE 38. |NAA of glasses associated with allanite separates listed in Table 3a as well as several bulk-rock analyses

Bulk-rock

21A5G 1sAG 74G 63A1

La
Ce
Sm
Eu
Tb
Yb
LU

c t . o o

90.68
4.54
0.75
0.49
3.49
0.63

2 1  . 1 0
56.42
3.89
028
0.59
5.55

35.14
82.21
4.15
0.75
0.52
3.17
0.51

22.69
64.44
3.85
0.60
0.62
a a a

0.57

no
61  . 10

no
0.48
0.72
5.42
0.98

23.'t8
62.62
4.08
0.48
0.61
502
0.86

28.90
b / . c b

4 . 1 1
0.90
0.58
3.96
0.66

52.1
129.8

5.76
1.65
0.36
3.43
0.68

63.8 32.2
111.7 61 .9

6.15 3.97
1.31 0.49
0.99 0.78
3.10 4.49
0.51 0.66

Nofe.'Analyses arranged in order of increasing bulk-rock silica content {rom left to right for each unit.

presence of abundant inclusions and impure mineral sep-
arations. The Ne.q, concentrations are systematically about
200/o lower than the electron-microprobe data. This shows
that the separates are only about 800/o allanite. Accord-
ingly, the allanite electron-microprobe analyses are as-
sumed to be more reliable. Using all data, the CelYb ratio
of Toba allanites may be as high as 1000, demonstrating
their extreme LREE enrichment.

DrscussroN

Chemical variation of Toba allanites

Individual allanite phenocrysts in all units are com-
positionally zoned but not systematically. Allanite com-
position varies within each unit and between different
units (Fig. 3). Chemical variation is greatest within the
MTT, while the OTT varies the least. Interunit variations
are clearest in the MnO vs. MgO plot, which separates
the units into distinct fields. Commonly, for each unit,
allanites plotting at one end are from the most silicic
rocks, erupted at temperatures between 710 and 730 "C
(Fe-Ti oxide temperature from Chesner and Rose, 1987).
Allanites separated from less-evolved rocks, erupted at
730-770 "C, plot at the opposite end of each field. Com-
positionally, the portion of each field associated with the
most silicic rocks contains allanites with the highest FeO
and MnO contents and the lowest MgO and TiOr. Also,
these allanites often have higher YrOr, PrrOr, Nd2O3,
SmrOr, and ThO, at the expense of LarO, and CerO, than
allanites from the less-evolved rocks. Such correlations

suggest that allanite composition depends upon either the
temperature or composition of the zoned Toba magmas,
or both. In addition, since all allanite-bearing Toba tufs
have similar temperature and chemical ranges, slight dif-
ferences ir P,o,ur and P"ro between units may contribute
to the distinct compositions of their allanites. Coupled
substiutution of CaO + ThO, in the A structural site
decreases as REE abundances increase (Fig. a). The OTT
has the lowest REE abundances and the MTT the highest.

Allanite fractionation

Petrographic evidence suggests that allanite is a liqui-
dus phase in the three youngest Toba tuffs. Since it is
present within the compositional range from 680/o to 7 60/o
SiOr, we can assume that it was a fractionating phase
during most of the magmatic evolution at Toba. The ef-
fect of fractionating allanite from the Toba magmas be-
fore eruption can be evaluated by comparing the REE
abundances of allanite samples and their associated glass
separates. In Figure 5, the glasses separated from the least-
evolved rocks have the highest LREE and lowest HREE
abundances. This results in a "cross-over" in the REE
patterns between Eu and Tb, illustrating that allanite frac-
tionation causes the LREEs to behave compatibly in the
magma. Although the HREES have crystaVliquid distri-
bution coefrcients greater than one in allanite (Table 4),
they are incompatible in the Toba magmas because of
their low concentrations (compared to LREEs) in allanite
and their exclusion from other dominant fractionating
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Fig. 3.

1 0

Plot of total REEs vs. CaO +

phases. Michael (1983) and Cameron (1984) have shown
that allanite fractionation was responsible for similar be-
havior of REEs in the Bishop Tuff. Thus, the compatible
behavior of the LREEs in the Toba glass and bulk-rock
dala are strong evidence for allanite fractionation.

Assuming that the majority of the LREEs of the Toba
magmas resided in either the liquid or allanite, it is pos-
sible to use Rayleigh calculations to determine the amount
of allanite fractionation necessary to produce the ob-
served LREE concentrations in the bulk rock. CrystaV
Iiquid distribution coefficients from Table 4 are used to
calculate allanite fractionation. About 0.0520/o modal
fractionation can account for the observed decreases in
La, Ce, and Sm from low-SiO, to the high-SiO, magmas
of the YTT. This technique also allows calculation of the
allanite modes. A low-SiO, YTT pumice (T-21A5) con-
tains about 0.0350/o modal allanite whereas a high-SiO,
pumice (T-94A5) has only about 0.0160/0. This illustrates
that fractionation of small amounts of accessory phases
rich in REEs can control REE patterns. With such minor
modal abundances, presence of accessory phases could
easily be missed petrographically. Such oversights could
have major effects on petrologic models of tuffs other
than Toba.

Temperature

Hildreth (1979) demonstrated that allanite did not be-
gin to crystallize in the Bishop Tuff until the magma
reached a critical temperature of 800 'C 

[Fe-Ti oxide
temperature corrected from 763 lC with Andersen and
Lindsley's (1985) revised data]. Allanite-bearing Toba tuffs
were all erupted at temperatures of 710-770 'C, which

1 1  1 2" wt. o/o CaO + ThOz

ThO, suggesting coupled substitution in the A structural site. Symbols are same as in

are below the critical allanite temperature established by
Hildreth. The HDT and some post-YTT domes lack al-
lanite. These are the least-silicic Toba rocks (65-670/o SiOr)
and also the hottest (810-870 .C). Therefore, the Toba
data are consistent with the concept of a critical satura-
tion temperature of about 800'C for allanite crystalliza-
tion in silicic magmas.

The REE abundances in the Toba Tuffs and the Bishop
Tuffare not anomalous for calc-alkalic magmas. We pro-
pose that allanite in igneous rocks does not crystallize as
a result of abnormal or elevated REE abundances, but

100,ooo

to,ooo

1000

too

1 0

I
La Ce Sm Eu Tb Yb Lu

Fig. 5. REE plot ofToba allanite separates and two associ-
ated glasses, normalized to chondrite. L and H represent glasses
separated from low- and high-SiO, bulk-rock samples, respec-
tively. Other associated glasses not plotted fall within this range.
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TABLE 4. Some crystal/liquid distribution coefficients for Toba
allanite calculated from electron-microprobe and rrunn
data

9445

TABLE 5. Comparison of intensive parameters between the YTT
and the Bishoo Tuff

YTT Bishop Tuff

LA
Ce
Sm
Eu
I D

Yb
LU

1 165
1123
1 662

92
108
31
1 8

mostly as a function of temperature with perhaps some
influence from P,"- and PH2o. Allanite appears to be a
late-stage volcanic mineral, crystallizing only in low-tem-
perature magmas. Magmas below the critical allanite
temperature often become stranded in the crust as plu-
tonic bodies and continue to crystallize allanite until it
eventually stops crystallizing in favor of epidote. Low-
temperature epidote crystallization occurs as inter-
growths with or epitaxial overgrowths on allanite (Deer
et al., 1962', Gromet and Silver, 1983; Zen and Ham-
marstrom, 1984). Experimentally, magmatic epidote is
stable between 600 and 700 "C in granodiorite at 8 kbar
(Naney, 1983) and between 600 and 800 "C in trond-
hjemite at 15 kbar (Johnston and Wyllie, 1988). Thus,
magmatic allanite exists only within a restricted range of
temperatures, and its presence should be expected in calc-
alkalic volcanic rocks with eruptive temperatures below
800.c.

Comparisons with other allanite

Plutonic and metamorphic allanite vary greatly in
composition (Gromet and Silver, 1983; Campbell and
Ethier, 1984; Exley, 1980) largely because ofhydration,
alteration, and metamictization. Even fresh granitic rocks
can have highly variable allanite compositions as a result
of hydration and metamictization that occurs during slow
cooling of the pluton. These phenomena are largely sub-
ordinate or lacking in volcanic allanites. Thus, the com-
positions of volcanic allanites are more representative of
original compositions than plutonic allanites.

Allanites from the Bishop Tuffand from Toba are dis-
tinct chemically (Fig. 6). The Toba allanites have higher
SiO2, Al2O3, MnO, MgO, CaO, YrOr, and ThOr; TiOr,
FeO, and REEs are lower. This is not due to differing
magma composition, as the Toba magmas have higher
REE concentrations than the Bishop Tufl but their allan-
ites have lower REE abundances. Although physical con-
ditions at which the Toba and Bishop Tuffs were erupted
overlap (Table 5), the Toba magmas were generally cool-
er, at higher pressures, and less oxidizing. Thus, the dif-
ference in allanite composition between the Toba Tufs
and the Bishop Tuff is also probably a function of phys-
ical parameters of the magmas such as temperature, fr,
Proo,, and Prro.

Notej Fe-Ti oxide temperatures and fo. for the Bishop Tuff have been
revised using data from Andersen and Lindsley (1985). Bishop Tufi data
from Hildreth (1977) only includes allanite-bearing samples.

2691
1781
798
162
107

1 0

1 2

2281
1 557
1187
1 1 5
139
36
23

Temp ('C)
-log fo,
Pdd (kbar)
fH"o (bars)

71 0-765
14.5- l  6.5
3.0-4.2
360-480

750-800
12.5-1 5.5
0.7-3.9
200-600

CoNcr,usroNs

(1) Allanite compositions in the Toba Tuffs vary with
magma composition and temperature. (2) "Cross-over"
patterns between the LREEs and HREEs on REE plots
of Toba bulk-rock and glass samples is strong evidence
for allanite fractionation. (3) Calculated allanite modes
range from 0.016 to 0.0350/o; 0.052o/o allanite fractiona-
tion was necessary to produce the observed decreases in
the LREE abundances of the YTT bulk-rock samples. (4)
Below a critical temperature of about 800'C, allanite may
crystallize in silicic magmas; high abundances of REEs
are not necessary.
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