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is. Batch Fractionation Model fo r the Evolution

      of Unzen Volcanic Rocks

Takeru YANAGI, Setsuya NAKADA andShun'ichi MAEDAI

Introduction

  Volcanic activity of an arc-type polygenetic
volcano is originally due to magmas in a chamber
and repeats eruptions of a variety of volcanic
rocks to form stratovolcanoes. Therefore know-
ledge of chemical variations and characteristics of

the volcanic rocks plays an important role for
understanding volcanic eruptions. The know-
ledge, associated with that from experimental
petrology, is the key information to elucidate a
differentiation mechanism. Futhermore it gives
constraints for the constitution and the function
ofthe magma chamber where the differentiation
proceeds.
  Mt. Unzen is one of arc-type polygenetic
stratovolcanoes. The volcanic rocks have many
chemical and petrological aspects in common
with those accumulated on a thick continent-type

arc crust, Therefore the knowledge of magma
chambers for arc-type volcanoes is the basis for
understanding the 1990-1992 eruption of Mt.
Unzen. The basic problems, however, are that
we have diverse opinions among scientists for the

origin of arc volcanic rocks and no unified
chamber model. The volcanic rocks of Mt.
Unzen, however, have' marked chemical charac-
teristics which probably can settle these prob-
lems. Therefore we will, at first, show these
characteristics and then correlate them with
models so far proposed.
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Chemical characteristics of lavas of Unzen
Volcano

  Lavas occurring as flows and domes in Unzen
Volcano contain excess Si02 and hence are ofthe
subalkalic series. They show no iron enrichment

  1.0 1.5 2.0 2.5 3.0
                FeOIMgO

Fig.15-1. FeOIMgO versus Fe203 variation diagram
for Unzen volcanic rocks.
The total iron content is shown as Fe203 on the y-axis

and as FeO on the x-axis. Solid star, Pre-Takadake;

Asterisk, Takadake; Open circle, Kusenbudake; Solid
circle, Fugendake; Solid square, 1991-1992 lava,

during the differentiation (Fig. 15-1) and are of

the calc-alkalic series. They contain abundant
large phenocrysts that show disequilibrium
associations such as olivine and quartz. This
disequilibrium association of phenocrysts miner-
als is the most important observation so far
made. It has primarily been reported by Honma
(1936). The evaluation of this observation is
fundamental in modelling the evolution of the
volcanic rocks.
  The recent 500Ka volcanic activity of Unzen
Volcano comprises four growth stages, pre-
Takadake, Takadake, Kusenbu and Fugendake
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Fig.15-2. Si02 versus
Unzen voicanic rocks.

The marks are all the

g$ss,gi, •

 q.w'
es *

64 69 (wt%)

Fe203 variation diagram for

same as in Fig. 15-1.

stages (Nakada and Tanaka, 1988). The follow-
ing observation bases on Tanaka's forty-nine
analyses of lava samples from these stages
(Tanaka, 1987). Figure 15-2 shows Fe203 (as
total iron) and Si02 contents in the lavas. Though

a magma composition may extensively change in
the diagram from the upper left hand side toward
the lower right hand side through crystallization
differentiation,the variation ranges ofrocks from

these four stages are commonly limited between
8 and 4 wt91o of Fe203, and variation trends of
these stages are all the same and straight linear.
The differentiation limits lie at the same position

in this diagram and have Fe203 and Si02 contents
of about 4 wt9o and 66 wt9o, respectively.
Similarly, the volcanic rocks from different stages

lie in the same limited variation ranges, and show

the same straight linear trends on the CaO versus
Si02 diagram (Fig. 15-3). Figure 15-4 shows a
histogram of Si02 contents in the lavas. Si02
content varies between 57 and 66 wt%, and the
frequency increases with Si02 content and then
suddenly drops at 66 wt% to none. No lava has so
far been reported with Si02 over 66 wt91o. Figure
15-5 shows Rb and Sr contents. The Variations in
three stages are all the same,suggesting again the
repetition of the same type of differentiation.
Furthermore, the diagram shows that the RblSr
ratio has an upper Iimit in its enrichment at about
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Fig.15-3. Si02 versus CaO variation diagram for
Unzen volcanic rocks.

Solid star, Pre-Takadake; Asterisk, Takadake; Open
circle, Kusenbudake; Open square, Fugendake; Solid

square, 1991-1992 lava.
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  Frequency distribution of
volcanic rocks.
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content in

O.25. The negative slope of the variation trends
indicates the crystallization of plagioclase along

with other mafic minerals. So far as plagioclase
crystallization continues, the RblSr ratio can
increase infinitely. The volcanic rocks, however,
show the existence of evolution limit in their
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Fig.15-5, Rb versus Sr variation diagram for Unzen
volcanic rocks.

The marks are all the same as in Fig, 15-3.

differentiation.

Chemical constraints and batch fractiona-
tion

  Disequilibrium associations of phenocryst
minerals in lavas indicate magma mixing in their
origin, A fact that all the lavas from three
different stages commonly contain disequilibrium
phenocryst associations suggests the repetition of

magma mixing. The identity of the fractionation
trends and of the variation ranges for four
different stages indicate the repetition of the
same process in these stages. Furthermore, these
facts indicate that the magmatic process attained
a steady state from, at least, the Takadake stage,

since both the variation trends and the ranges
show no time-dependent change. Along with
this, a fact that a RblSr ratio in the most evolved

lava is constant at about O.25 in younger three
stages reconfirms the steady state of magmatic
differentiation in the chamber, since Yanagi and
Ishizaka (1978), and Yanagi (1981) have already
reported that RblSr ratios of about O.25 is
realized in the most evolved magma formed
under steady state through batch fractionation of
primary magmas. The 1991-1992 lava samples lie
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at the most evolved end of the common
differentiation trend for the three previous stages

(Fig. 15-3) and have RblSr ratios of about O.25,
suggesting that the magma chamber is still in the
steady state.

  Models of mantle origin of the volcanic rocks
are all elimated by the ubiquitous occurrence of
the disequilibrium phenocrysts assemblages and
by their high Rb/Sr ratios. Low-pressure basalt
fractionation models can partly explain the
observations. They, however, could not explain
the disequilibrium phenocryst assemblages nor
explain the steady state. Magma mixing models
also can partly explain the observations. The
models assume a dacite magma as one of the
mixing end-members but the models themselves
have no function to produce the dacite magma.
They should be assembled with low pressure
fractionation or partial melting of the crust to
explain the observations.

  Among models so far proposed, the batch
fractionation in a periodically refilled magma
chamber (Yanagi, 1975; O'Hara, 1977; Yanagi
and Ishizaka, 1978; Yanagi, 1981) is a unique
model which can give a complete explanation to
all the observations. It is a differentiation
mechanism which can detect the steady state.
The batch fractionation which will be discussed
                    r
later, assumes the repetitive injection of primary

magma into the chamber where crystallization
continues. The Furuyake lava flow erupted in
1663 contains 57.5 wt9o of Si02 and is the most
basic, and has phenocrysts of olivine along with
quartz, plagioclase, hornblende, pyroxenes and
biotite. Thermal breakdown of hornblende and
biotite phenocrysts into dry mineral assemblages,
opacitization, becomes increasingly marked with
the decrease of Si02 content in the host lava.
Although the influx of basaltic magma is not
directly confirmed, these lines of evidence,
however, suggest the injection of basaltic magma
into the chamber, and its proportion increases in
lavas with decreasing Si02 content. The linear
trends in Figs. 15-2 and 15-3 are due to magma
mixing and suggest that the same basaltic magma
was repeatedly injected into the chamber.



Batch fractionation as a differentiation
mechanism for arc volcanic rocks

  In modelling the evolution of arc volcanic
rocks, the important constraints (Yanagi, 1981)
are (1) crystallization differentjation, (2) the
intimate association of volcanic rocks of thoreiitic

and calc-alkali series, and the gradational separa-

tion between these series, (3) the repetitive
occurrence of primitive basaltic and evolved
dacitic lavas in a volcanic succession, (4) magma

mixing represented by disequilibrium association
of phenocrysts, basic magmatic inclusions, and
reverse zoning observed in minerals such as
olivine, pyroxenes and plagioclase, (5) the
enrichment of incompatible elements without a
marked decrease of compatible element concen-
trations, and (6) the evolution limit represented
by, for instance, RblSr ratios of O.23-O.27 and
Si02 contents of 60-66 wt91o. The evaluation of
these constraints leads to the employment, from
models so far proposed, of batch fractionation in

a periodically refilled magma chamber proposed
by Yanagi (1975), Yanagi and Ishizaka (1978)
and Yanagi (1981). We, at first, try to discuss the

magmatic evolution through the batch fractiona-
tion, then to correlate it with chemical evolution

of Unzen volcanic rocks.
  Figure 15-6 shows the batch fractionation in
the periodically refilled magma chamber. Crys-
tallization continues in the chamber that is
periodically replenished with primary magma on
one hand and continuously evacuated by remov-
ing the cumulate formed in it on the other hand
(Yanagi, 1975; O'Hara, 1977; Yanagi and
Ishizaka, 1978). Since the crystallization and
magma mixing continue in repetition, lavas
erupted from the chamber come to have charac-
teristics both of crystallization differentiation and

magma mlxmg.
  If the batch fractionation (Fig. 15-6) continues

infinitely, the cumulate formed in the chamber
may evolve, successively getting dloser to the
primary magma in composition, and finally both
the cumulate and the primary magma may
become the same in composition. At this point
the magmatic differentiation in the chamber
attains a steady state. The magma in the chamber
in the steady state repeats the same chemical

'

Primary---- pagm .Cumulate
Magma

Fig.15-6. Sche' matic illustration of batch fractionation

in a periodically refjlled magma chamber.
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Fig.15-7. A log - log p]ot of compatib]e (i) and
incompatible (j) elements to show a chemical evolution

of magma through batch fractionation,

variation in'a definite range, and no time-
dependent chemical change occurs between
chemical steps: Mixing between the primary and
the residual magma of, respectively, fixed
compositions and the crystallization ofthe mixed
magma to form the residual magma are repeated
in alternation. Lavas erupted from the chamber
under the steady state, therefore, show a definite

variation trend limited in a definite range.
Residual magmas formed at the end of different
chemical steps come to have the same chemical
composltlon.
  Figure 15-7 shows the chemical evolution of
magma in a log-log plot of compatible(i) and
incompatible(j) elements (Yanagi, 1981). A
primary magma P comes to have a composition
Ri through crystallization differentiation.
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Fig.15-8. Log K20 - [og MgO p[ot for vo[can'ic

rocks from the Nasu volcanic zone, NE Japan,
Oblique lines represent crystallization differentia-

tion at successive chemical steps. Differentiation

lines for chemical steps greater than 13 are
omitted for clarity. The differentiation line on the

most right hand side represents the differentiation

under a steady state condition. Solid square,
tholeiitic basalt; Solid circle, tholeiitic andesite;

Triangle, tholeiitic dacite and rhyolite; Open
square, calc-alkali basalt; Open circle, calc-alkali

andesite.
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The magma composition approximately traces a
straight line in this plot during the crystallization.

When the residual magma comes to have a
composition Ri, a new primary magma of a unit
mass is added to the chamber and mixes with the
residual magma (Mixing curve RiP) and forms a
mixed magma Mi lying on the line RiP. The
mixed magma Mi comes to have a composition
R2 through crystallization. At this point, the new

primary magma P is again added to the chamber
and mixes with the residual magma R2 to form a

mixed magma M2. Then the mixed magma
becomes a residual magma R3 through crystal-
lization differentiation. This type of process
repeats and the differentiation line (MnRn + 1)
moves with the increasing chemical step n toward
the right hand side of the diagram, due to the
enrichment of an incompatible element (j) in the

magma. When n increases sufficiently, the
incompatible element is so enriched in the
chamber that its concentration is the same in the

primary magma and in the cumulate. The
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Fig,15-9. Log Rb -log Sr plotforvolcanic rocks from island arcs. Data are forvolcanic rocks

with low strontium isotope ratios (<O.704). Note that an abundance of volcanic rocks drops
ab ruptly at around Rb!Sr= O.25 to none. Solid square, basalts; So[id triangle, alkali basa[t and

andesite; Solid circle, andesite; Open circle, dacite.
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differentiation line (MnRn + 1) stops moving and
the differentiation in the chamber attains the
steady state.

  Figure 15-8 shows MgO and K20 contents in
lavas from the Nasu volcanic zone, Northeast
Japan (Yanagi,1981). Solid and open marks show
tholeiitic and calc-alkalic rocks, respectively.

Tholeiitic rocks lie on the low-K side and
calcalkalic rocks on the high-K side. A set of
oblique lines represents an evolution of magma
through batch fractionation. With increasing
chemical steps, the fractionation line moves
toward the right hand side at a decreasing rate
and finally reaches the fractionation line for the
steady state. These fractionation lines well cover

the whole variation range of volcanic rocks,
indicating that the batch fractionation of the
primary magma well explains the whole composi-
tion range of the volcanic rocks. The fractiona-
tion lines for the early stage of the batch
fractionation cover the tholeiitic rocks and those
for later stage cover calc-alkalic volcanic rocks,

suggesting that the tholeiitic primary magma is
transformed into calc-alkalic magmas through
batch fractionation. It is worthwhile to note that

the calc-alkaljc volcanic rocks lje close to the
fractionation line of the steady state. Studies of

Myoko (Yanagi and Isizaka, 1978) and Kimpo
(Yanagi et al., 1988) volcanoes has confirmed the

same type of magmatic evolution.
  Figure 15-9 shows Rb and Sr contents in arc
volcanics. Primary magmas originated from
mantle have Rb/Sr ratio of about O.027 (Yanagi,
1975; Yanagi, 1981). The diagram shows that the
Rb/Sr ratios are Iimited in a range from about
O.Ol to O.27. The upper limit is sharp at values of

O.23-0.27. This shows that the volcanic rocks
have the evolution limit represented by these
RblSr ratios, although crystallization of plagioc-

lase from a magma can infinitely increase the
RblSr ratio in a residual magma. The presence of
the upper limitin RblSr ratio is only explained by
assuming the batch fractionation as the fractiona-

tion model of the volcanic rocks.

Chamber model of Unzen Volcano

  Figure 15-10 shows a WSW-ENE cross section
of a chamber system beneath Unzen Volcano. It
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Lower chamber Mantle

Fig. 15-10. SWS - ENE cross section of coupled
magma chambers beneath Unzen Volcano. The
thickness of the crust is a little more than 30 km. The

shaded area represent the lower chamber which is
periodically occupied by a basaltic primary magma
supplied from the mant[e. When the lower chamber is
fil[ed with the basaltic magma, the cumulate plug starts

subsiding and in association with this subsidence, the

basaltic magma starts moving through the space
between the plug and the cylinder into the upper
chamber. The magma injection into the upperchamber

continues so far as the plug subsidence continues.
After the plug touches the floor of the lower chamber,

the crystallization proceeds in the upper chamber until

the next plug subsidence starts. Resultantly, mixing

and crystallization is repeated in alternation in the

upper chamber. The cumulate plug subsided into the

lower chamber is removed by the convective move-
ment of the mantle. See the text for detajl,

is a refilled magma chamber modified from the
models proposed by Yanagi, et al. (1988,1991)
for Sakurajima volcano and Yanagi et al. (1989)
for Kimpo volcano. Seismic activity is very high
in the west of the volcano and limited in a narrow

zone dipping to the west from beneath the
Fugendake cone. The western sloped roof of the
chamber in the crust lies in this seismic belt. The

seismic activity to the east of the volcano is very

low.

  The chamber system consists of upper and
lower chambers and a cylinder and cumulate plug
lying between the chambers. When basaltic
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primary magma is supplied to the lower chamber,
the cumulate plug starts subsiding into the lower
chamber. Associated with this subsidence, basal-
tic primary magma begins to move through the
narrow space opened on the western side
between the cylinder and the plug and to mix
with the magma in the upper chamber. The
proportion of basaltic magma in the upper
chamber increases with the plug subsidence.
When the plug finally touches the floor in the
lower chamber, the injection of basaltic magma
into the upper chamber stops, and then crystal-
lization of the mixed magma proceeds in the
upper chamber. During the crystallization, the
cumulate plug subsided into the lower chamber is

removed by mantle convection. When a new
batch of primary magma is supplied again, the
plug subsidence and the associated injection of
the primary magma into the upper chamber is
repeated. After the completion of subsidence,
the crystallization proceeds again in the upper
chamber. This series of successive processes is
repeated so far as the supply of the primary
magma continues from the mantle, and the batch
fractionation proceeds in the upper chamber. As
a result of repetitive supply of primary magma,
the batch fractionation finally attains a steady
state. The residual magma ofthe same composi-
tion is formed at the end of every chemical step,
which has a RblSr ratio of about O.25 (Yanagi,
1975; Yanagi and Ishizaka, 1978).
  Both the Rb content in the injected primary
basaltic magma and the Rb distribution coeffi-
cients between the cumulate and the associated
magma limit the enrichment of Rb during batch
fractionation. The cumulate and the basaltic
magma have the same in composition under
steady state. Accordingly, the Rb content in the
injected primary magma and the Rb distribution
coefficient limit the enrichment of Rb, Similarly,
their distribution coefficients and the composi-
tion of the primary magma limit the enrichment
of Si02 and other elements. They could not be
enriched over their limits defined by rhe steady
state.

  A chemical step comprises three major proces-
ses, (1) the supply of primary magma to the lower
chamber, (2) the plug subisidence and associated
migration of the primary magma from the lower
to the upper chamber and (3) the crystallization
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of the mixed magma in the upper chamber,
Yanagi et al.(1991) has reported that the
migration continued for more than 500 years in
the case of Sakurajima volcano and volcanic
eruptions were repeated four times in this period.

The migration of primary magma through
opening along the western side of the cumulate
plug and the resultant magma mixing in the upper
chamber may be the origin of earthquakes under
the Unzen volcanic area.
  Since the magma eruption occurs during the
period of magma migration and mixing, lavas
come to have disequilibrium phenocrysts mineral
assemblages. The magma evolution continues
until the batch fractionation comes to attain the
steady state. The realization of steady state in the

chamber limits the magma evolution. According-
ly, lavas erupting to the surface come to have a
definite range of chemical variation, and to show
a straight linear variation trend on any Haker-
type variation diagram since the magma eruption
occurs during the magma mixing. Lavas of Unzen
Volcano bear all these characteristics, indicating
the realization of steady state of batch fractiona-

tion. The most evolved dacites have Si02 of 66
wtero and Rb/Sr ratios of about O.25 in the case of

Unzen Volcano.

Concluding remarks

  The variation ranges and trends of, at ieast,
younger three different growth stages. are,
respectively, the same, and indicate that the
magmatic evolution has an upper limit. This limit
composition is represented by hornblende dacite
lavas with 66 a/o by weight of Si02 and O.25 of
RblSr ratio. These facts and disequilibrium
phenocryst assemblages are well explained by
assuming batch fractionation in a periodically

refilled magma chamber beneath Unzen
Volcano.


