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ABSTRACT

Cornpositional relations of five difierent coexisting pyroxenes, hypersthene, pigeonite
and augite phenocrysts and ferropigeonite and ferroaugite of the groundmass in a pigeonite
andesite from Weiselberg have been determined with the electron probe microanalyzer.It
is shown that as fractional crystallization proceeded, the phenocryst pyroxene assemblage
varied from hypersthene-augite of relatively low Fe/Mg ratio, through hlpersthene-
pigeonite-augite of varying Fe/Mg ratio, to pigeonite-augite of relatively high Fe/Mg
ratio. Eight pairs of hypersthene-pigeonite of difierent Fe/Mg ratio were analyzed to
determine the partition coefficie_nt of Mg-Fe between these minerals. Groundmass fer-
ropigeonite and ferroaugite represent the latest crystallized pyroxenes in this andesite.
Neither subcalcic augite nor subcalcic ferroaugite crystallized at any stage of crystalliza-
tion. It is suggested that changeover from hypersthene to pigeonite during the crystalliza-
tion sequence is a result of the reaction hypersthenef liquidqigeonite. The region where
hypersthene, augite and pigeonite coexist shifts toward the iron-rich side of the quadri-
lateral'lvith lowering temperature. This interpretation is difierent from that suggested
previously and would be applicable to the hypersthene-pigeonite relations in many other
igneous rocks,

IurnooucrroN

Many pyroxenes have been separated from various volcanic rocks
and chemically analyzed; however, most of the analyses represent the
bulk compositions of the zoned pyroxenes or mixtures of two or more
coexisting pyroxenes because of the difficulty of separating fine-grained
and zoned pyroxenes in volcanic rocks. I'he compositions of pyroxenes
in volcanic rocks, particularly those in the groundmass, should be re-
determined with the electron probe microanalyzer.In a previous paper
(Nakamura and Kushiro, 1970), the compositional relations of the
coexisting orthopyroxene, augite and pigeonite in a tholeiitic andesite
from Hakone Volcano have been determined. To understand the hyper-
sthene-pigeonite-augite relation in more detail, a pigeonite andesite
from Weiselberg, Germany has been selected. The micioprobe analysis
was made carefully on hypersthene, pigeonite, and augite which are in
contact or occur as contiguous crystals in both phenocryst and ground-
mass. On the basis of the present analytical data the crystallization
course of pyroxenes in tholeiitic magma is discussed and a new inter-
pretation of hypersthene-pigeonite relation is presented.
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DnscnrprroN on Rocr

The pigeonite andesite used for the present studies is the specimen
studied by Kuno (1947 and 1955). It was originally described as 'weisel-

bergite' by Rosenbusch (1887). The rock analysis given by Trciger
(1934) is  as fo l lows (* t .7d:  SiO3 62.62,  AhOa 13.88,  Fe2Os 2.18,  FeO
4.36,  MnO 0.20,  MgO 1.48,  CaO 4.31,  Na2O 4.65,  K2O 1.29,TiOz0.99,
PzOr 0.07,  COz 0.24,  S 0.03,  BaO 0.06,  H2O+3'58,  HrO-0.30.  The
normative pyroxene composition is Di Wo 2.7, En 3.8, Fs 5.2 (5.4,
Hy 6.3) weight percent. Phenocryst minerals are plagioclase (labra-

dorite-andesine), hypersthene, pigeonite, augite, Fe-Ti oxide (mostly-
ilmenite with oxidized rim) and apatite (inclusion in hypersthene
phenocryst). Augite is rare and occurs as random growth inclusions in
hypersthene and pigeonite phenocrysts and as rims to pigeonite pheno-
crvsts. The grain size of the phenocrlsts ranges from 0.1 to 1.0 mm. The
groundmass consists of very fine-grained pigeonite-augite composite
grains, andesine, altered Fe-Ti oxide, apatite and brown glass. The
groundmass Fe-Ti oxide mineral is completely oxidized or hydrated.
The brown glass includes very fine-grained crystals and similar to
crystallite. Its composition, including the minute crystals, is rhyolitic
as shown in the following section. The grain size of the groundmass
minerals ranges up to 0.05 mm. The modal analysis is as follows:

Phmocrysts (vol.7o)

plagioclase 7.5
hypersthene 0. 3
pigeonite 2.2

augi te < 0.1
Fe-Ti oxide (ilmenite) 0.6
apatite < 0.1

Crroundmass

plagioclase

ausi te.  
)

prgeomteJ
Fe-Ti oxide

apatite
glass

(vol. /s)

15

8

z

<  0 . 5
()4

891 1

Ax.lr.vtcer- Mrruoo

Analyses were made with a Japan Electron Optics Laboratory electron probe micro-

analyzet Model JXA-S, with a t10o take-ofi angle. The conditions of analysis, standard

materials and correction procedures are as described previously (Nakamura and Kushiro,

1970: Kushiro and Nakamura. 1970). All corrections were calculated with a HITAC com-

puter using a program provided by Dr. Mituko Ozima. The analysis of Na in pyroxene

was made with a 0.04 pA specimeh current, same as that for the analysis of the other ele-

ments; however, the standard albite was moved at 100 rrm/min to avoid Na volatilization.

The analysis of Na in plagioclase was made with a 0.02 pA specimen current and with a

moving speed of 50 pm/min, and the analysis of glass was made with 0.01 pA specimen

current and 20 trrm electron beam-size. Counts of 5 spots were averaged for each analysis

except for the analysis of very small grains such as inclusions of augite in hypersthene and

some groundmass augite and pigeonite.
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Rnsur,rs

Thirty-six complete analyses and sixteen partial analyses of various
pyroxenes have been obtained. Selected analyses are shown in Table 1
and all are plotted on Ca-Mg-Fe diagrams (Figs. l and 2). Since
most of the pyroxenes are more or less zoned, careful analysis was made
to determine their compositional ranges and to determine the composi-
tions of the different pyroxenes which are in direct contact. As shown in
Figures I and 2, phenocryst Ca-poor pyroxenes are hypersthene-ferro-
hypersthene (CaaMgraFeaz-CarMgazFers) and pigeonite-ferropigeonite
(CasMgaaFe++-CagMgasFe66), whereas phenocryst Ca-rich pyroxene is
augite-ferroaugite (Ca3sMgaTFezs-CassMgznFeru). In the following
pages, hypersthene-ferrohypersthene, pigeonite-ferropigeonite and
augite-ferroaugite will be simply written as hypersthene, pigeonite, and
augite, respectively. Phenocryst augite occurs as random growth in-
clusions in phenocryst hypersthene and pigeonite and at the margin of
some pigeonite phenocrysts. Phenocryst hypersthene is always rimmed
by pigeonite and is not in contact with glass, whereas phenocryst
pigeonite is in contact with glass. Groundmass pyroxenes are pigeonite
and augite of relatively high Fe/Mg ratios, both of which are in contact
with glass.

The compositional zoning of phenocryst hypersthene and pigeonite
is shown in Figure 3. It is always normal zoning: Fe/Mg ratio increases
regularly from the core outward, as shown in Figure 4. Near the margin
of the crystals, the Fe/Mg ratio increases rapidly, however, no dis-
continuous zoning was observed. Such regular and continuous zoning
contrasts with the zoning of phenocryst and groundmass pyroxenes in
the andesite of Hakone (Nakamura and Kushiro,1970), which is not
regular, and that in the andesite from Haruna volcano (Oshima, oral
communication), which is reversed at the phenocryst margin. The Fe/Mg
ratios of groundmass pigeonite are slightly higher than those of the
phenocryst rims. Successive and continuous iron-enrichment from the
core of phenocryst pigeonite to groundmass pigeonite suggests that
there was no sudden great change of phy'sical conditions between the
stage of phenocryst crystallization and that of groundmass crystalliza-
tion.

The compositional ranges of hypersthene and pigeonite overlap with
respect to Fe/Mg, as shown in Figures l, 2 and 3. The contiguous
hypersthene, pigeonite and augite of grain No. 12 (FiS. 6A) have been
analyzed to determine their compositional relations and to obtain the
three-phase triangle. Compositions have been also determined for the
contiguous crystals of hypersthene and pigeonite, hypersthene and
augite, and pigeonite and augite, and their tie lines have been obtained



YASUO NAKAMURA AND IKUO KUSEIRO2002

. l

. E P

= h
- !

6 @  O €
o F $ + E H d d €

o o o H o o € o €
< d H 6

N O  N €
6 N O N n S 6 d <

o a o : o 6 D o o

E E

. 6
t u l

p i ( j

F " \

@ $  F  b
< $ 9 € O $ i N N

o ! o € o H @ o 6
3 i O

o 3  6  +
N O D D S H 9 N O

o : o F o * N o o
6

1 1 9 : T 1 : ! ' 1
o i o b o N @  d @

o 6  @  o 6
t s 4 d o € 9 0 0 0

d 6

€ F  b  @ @
i E N o € o o o o

b N H 6

I

I

I

t

I

I

d

J

I

I

I

I

I

I

O 6  Q  6 F
s € v o € 6 N o o

6 O Q N O O $ O @

€ o  i  o 9
* t s o € € D o o D

o o o N o : $ o 6
$ o : O

a

z
r'l
X

7

fzt

z

tq

&
O

a

!a

U)

rrl

F

{ €
s t s

9 h N O F T T O N

D A H 6

6 O  @  t s O
€ + N r r 6 r O 9

6 0 0 N o r o o 6
s o i q

F @  4  € E
+ 4 d t s F @ € o 3

D N i 6

h

o 6  t s  € @
1 9 . : q 9 1 : ? ?
o o o F o h + o 6
E N : A

N 6  I  r

: 9 . : q 9 . ' : 9 d 1
- O A € o € +  i o

:  - 6

i 6  0  0 0
€ € N + € D 6 0 9

o a o F o D o c o
b N i o

€ € $ o a i o o @
o o o o o 9 : o o

d o

o t s  6  H <
9 N o b h @ o o o

o o o o o D : o o
: 6

F O  €  €
9 € O O b O @ j O

j d d s . ' d - i ; E
q +  +  € b- 1 1 q 4 < o o +

: o o € Q @ N o 6
4 N H O

o $  @  € +

" : \ o : : - 1 ? 9
: o o N o t s : o 6
q d i o

@ i o

g $

d 3

F

t

_ o a

e Y  b i ?

F :  : *

! i ?

< i

& l

H l  & l
< : j  a )

5 , 4 ? h

.e -d ;!

i i i

o

X
N FsgarEBsEiA <

i i = d



PIGEONIT E AN DESITE F'ROM W EISELBERG

Diopside

50
Alomic per cent

[,'rc. l. Ca Mg-F'e plot of the analyzed pyroxenes. Symbols: open circles (1), pheno-
cryst pyroxenes; half solid circles (2), rim of phenocryst pyroxenes; half solid circles (3),
microphenocryst pyroxene; solid circles (4), groundmass pyroxenes. Solid lines are selected
tie lines connecting those pyroxenes which occur as contiguous crystals.

(Figs. 1 and 2). The partition coefficient for Mg-Fe has been determined
between contacting hypersthene and pigeonite, hypersthene and augite,
and pigeonite and augite (Table 2). It is to be noted that the partition
coemcient (Kp) is calculated on the assumption that total iron is ferrous.
Because ferric iron may be higher in augite than in Ca-poor pyroxenes,
the Kn for Mg-Fe2+ parition between augite and Ca-poor pyroxenes

Ferroougite
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I,rc. 2. Ca-Mg-l'e plot of the analyzed Ca-poor plroxenes. Symbols as in Fig. 1.
solid lines are tie lines connecting those pyroxenes u'hich occur as contiguous crystals.

L O

I

F e

40FeM g

Augite



YASLIO NAKAMLIRA AND IKUO KUSHIRO

Groin
No. l2

Groin
No.74

Groin
No.26

Mg

" La4
9  |5 " i l

Fe50 40

Frc. 3. Portions of the Ca-Mg-Fe diagram showing compositional zonings within single

pyroxene grains No. 4, 12, 74 and 26. Numbers in the diagrams are those of point of

analysis. Solid lines indicate continuous zoning, and dashed lines indicate tie lines con-

necting difierent pyroxenes which occur as contiguous crystals.

may be smaller than the values given in Table 2. The partition coefficients

for Ca-poor pyroxene and Ca-rich pyroxene are, therefore, considered

to be comparable with those of the Skaergaard intrusion (0.73 in an

average by Atkins, 1969). However, those for the pairs o{ contiguous

pigeonite and augite, both of which occur as rims to the pigeonite

phenocrysts, and for a pair of groundmass augite and pigeonite, are

relatively large. Since the compositional change is steep near the margin

of pigeonite phenocrysts, and since augite has crystallized at the margin

of pigeonite (Fig. 68), augite may have crystallized at a slightly later

stage of fractionation than pigeonite and may not have been in equil ib-

30
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Frc. 4. Scanning of hypersthene-pigeonite composite phenocryst (grain No. 14), showing
compositional zoning and points of analysis.

rium with the analyzed pigeonite part. The partition coefficients for
hypersthene and pigeonite pairs are nearly the same as those for the
groundmass hypersthene and pigeonite pairs of the Hakone andesite
given by Nakamura and Kushiro (1970) (i.e. Kj:1.09 on average).
The compositional gaps between augite and hypersthene phenocrysts
and between augite and pigeonite of both phenocryst and groundmass
generations are considerably wide (i.e., 35-26 rli'ole /6 Ca). They are
wider than those of the Hakone andesite pyroxenes (Nakamura and
Kushiro, 1970) and the Skaergaard intrusion pyroxenes (Brown, 1957).
It should be emphasized that no subcalcic augite has been found to
bridge the gap between augite and pigeonite of either phenocryst or
groundmass generation. The compositional boundary between the
Ca-rich and Ca-poor pyroxenes is always sharp (Fig. 6).

The Al-Ti relations of the analyzed pyroxenes are shown in Figure 7.
Hypersthene, pigeonite and augite fall in separate areas of this figure.

4-4

4 - l
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26-2

I
26-l

I

Fro. 5. Scanning of pigeonite-ferropigeonite phenocryst (grain No. 26) by Ca, Mg ancl
l'e Ka, showing a s)ryninetrical continuous zoning. Number indicates point of analysis.
Sharp drop of X-ray intensity is due to rough surface of the sample.

It is noteworthy that hypersthene is always more Al and Ti-rich than
the contacting pigeonite and that Al and Ti decrease regularly from core
to margin of hypersthene phenocrysts, whereas Al decreases and Ti
increases from core to margin of pigeonite phenocrysts. The Si-Al
relations of the analyzed pyroxenes are shown in Figure 8. Most of the
analyzed pyroxenes plot above the l ine Si+Al:2, indicating that some
AI is in the octahedral site.

The Fe-Mn relations are shown in Figure 9. Augite and pigeonite
have a nearly constant Mn/Fe ratio, whereas hypersthene has a lower
Mn/Fe ratio than the clinopyroxenes. These relations were confirmed
by the analysis of contiguous orthopvroxene and clinopyroxenes. The
same relations have been observed in the Hakone andesite. Na content



A

B

C

D

Ftc. 6. Beam scanning photogiaphs of pyroxenes by Ca Ka. A: augite inclusion at the

boundary of hypersthene and pigeonite (grain No. 12, analyses l2-4,5 and 6 in Table 1).

B: ferroaugite at the margin of pigeonite-fetropigeonite phenocryst (gain No' 68, analyses

68-3 and 4). C: groundmass composite grain of ferropigeonite and ferroaugite (grain No.

103, analyses 103-1 and 2). D: ditto (grain No. 108, analysis 108). Abbreviations: Aug,

augite and ferroaugite; Ap, apatite; G, glass; Hyp, hlpersthene and ferrohypersthene;

Ox, Fe-Ti oxioe mineral; Pig, pigeonite and ferropigeonite; Pl, plagioclase. The length of

one side of each photograpb corresponds to 40 pm.
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Frc. 7. Ti-Al relations of the analyzed pyroxenes. Symbols: 1, phenocryst hypersthene-
ferrohypersthene; 2, phenocryst pigeonite-ferropigeonite; 3, ferropigeonite rim of pheno-
cryst; 4, micro-phenocryst ferropigeonite; 5, groundmass ferropigeonite; 6, phenocryst
augite; 7, ferroaugite rim of phenocryst; 8, groundmass ferroaugite. Numbers for Ti and
Al are based on 6 oxygens.

is higher in augite (0.24 weight percent NazO on average), intermediate
in pigeonite (0.07%) and lowest in hypersthene (0.04/). The Na conrent
is most probably related to the Fe3+ content (i.e. acmite component).

Plagioclase has been analyzed partially by microprobe. The composi-
tional range of phenocryst plagioclase is AnzoAbgo-Ana5Ab55. Groundmass
plagioclase has a composition near AnarAbsr, which is the same as that
of a thin rim to phenocryst plagioclase. The zoning of phenocryst
plagioclase is strong near the margin as compared with that in the core.

The glass has been analyzed (Table 3) with a wide electron beam
(20 pm). The glass includes unidentifi.ed minute crystals (width less
than 1pm). The analysis represents the bulk composition of the glass
and these minute crystals. A poor total for the analysis as at least
partly due to the presence of water in the glass. The bulk chemical
composition of this andesite (p.3) shows 3.6 weight percent HrO+.
Since anhydrous crystals occupy a considerable part (-33 percent)
of this rock, the glass should contain about 5.4 weight percent H2O.
The composition of the glass recalculated to a water-free oxide per-
centage is rhyolitic, although some normative corundum is calculated.

Drscussrorq

The compositional and textural relations of the coexisting hyper-
sthene, pigeonite and augite indicate that the phenocryst pyroxene
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Frc. 9. MnO-FeO relations of the analyzed

Plroxenes. S)'rnbols as in Fig. 7.

assemblage in the Weiselberg pigeonite andesite varies from hlper-
sthene-augite of relatively low Fe/Mg ratio through hypersthene-
augite-pigeonite of varying Fe/Mg ratio to augite-pigeonite of rela-
tively high Fe/Mg ratio. The groundmass pyroxene assemblage is augite

Tlslr 3. Couposrrrom exo Nonu ol Gress rN rrro
Gnouxomess or WusnrsrR.c ANnx,srrB

Sio:
Al2o3
TiOz
FeO"
MnO
Mgo
CaO
Naro
KsO

7 1  . 7

0 .48
2 . t 0
0 .04
0.09
0 . 5 6
4.40
r . 9 9

2b
I
I
I

2
l

2

( )
or
ab
an
en
{^
iI
t ,

Norm (wt. /6)
3 8 . 5
12.6
40.1
2 . 9 8
o . 2 5
3 .38
0.99
l . t 9

Total" 9 2 . 9 Total 100.0

. Total iron as FeO.
b o/VN values by Boyd (1967), where o is the standard deviation and N the arithmetic

mean of the X-ray counts.

" Poor total is partly due to the presence of water (see text).
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Mg Fe

Frc. 10. Schematic isothermal section at a subsolidus temperature of the pyroxene
quadrilateral diopside (Di); enstatite (En); ferrosilite (Fs); hedenbergite (Hd). Abbrevia-

tions as in Fig. 6.

and pigeonite of relatively high Fe/Mg ratio. As shown in Figures 1
ar'd 2, at least two different three-phase triangles for the hypersthene-
pigeonite-augite assemblage can be drawn. Because a three-phase tri-
angle is fixed at one set of temperature and pressure conditions in the
CaSiOe-MgSiO3-FeSiOr system, the present results clearly indicate
that the conditions of equilibration of the pyroxenes varied during the
crystallization history. Pressure is unlikely to have changed much during
the crystallization and, therefore, temperature change would be a major
cause for the shift of the three-phase triangle. Several different three-
phase triangles can be drawn for a wide range of Fe/Mg ratio from the
analyses of coexisting phenocryst orthopyroxene, pigeonite and augite of
various Japanese volcanic rocks (Kr,rno and Inoue, 1949; Kuno, 1950;
Aoki, 1960; Oba, 1960; Isshiki, 1963) and a Beaver Bay diabase (Muir,
1e54).

A part of the subsolidus isothermal section of the system diopside-
enstatite-ferrosilite-hedenbergite is shown in Figure 10. A similar iso-
thermal section in the iron-rich portion has been drawn by Bonnischsen
(1969) on the basis of the metamorphosed Biwabik Iron Formation.
In the Weiselberg andesite, as well as in several other rocks, the pyroxene
assemblage varies from augite-hypersthene through augite-hypersthene-
pigeonite to augite-pigeonite. It is to be expected that the three-pyroxene
region shifts toward iron-rich compositions with lowering temperature.
This is illustrated in Figure 11a, which is a temperature-composition
diagram along the join CalsMggo(,4)-CaroFego(B) in the Ca-Mg-Fe
diagram. As shown in the figure, pigeonite is considered to have a sta-
bility field at a higher temperature than augitefhypersthene of the
same Fe/Mg ratio, and the temperature of the three-pyroxene region
decreases with increase in Fe/Mg ratio. This three-pyroxene region is

A u g +  H y p  +  P i 9
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T

t

T1
T2

Pig tAug+ Hyp

Aug  *  Hyp

M9 50 Fe
Frc' 11. schematic diagram showing the crystallization of pyroxenes in weiselberg

andesite. Two three-phase triangles are based on the analyses of weiselberg pyroxenes.
m+m' indicates temperature change of ma5nna during the crystallization of the weisel-
berg andesite. Note that the intervals p-q and. /-s are not the 'inversion interval, but the
maximum widths aiong the join A--B of three phase triangle hypersthene-pigeonite-augite
at temperatures Zr and 12, respectively.

different in temperature from t.he orthopyroxene-clinopyroxene inver-
sion inten al of the Ca-free join MgSiO3-FeS.Or determined by Bowen
and Schairer (1935) and rnvolves the additional phase of augite. The
variation of assemblage and the compositional relations of the weisel-
berg pyroxenes are explained well by this diagram. The pyroxene as-
semblage just before pigeonite crystallization was hypersthenef augite,
the bulk composition and the temperature of which are represented
by m in Figure 11a. As the temperature decreased and the composi-
tion of crystallized pyroxenes became richer in Fe, pigeonite of compo-
sition q began to crystallize at ?r. Three pyroxenes continued to coexist

Aug

Pig
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stably until the temperature fell to 72. At temperature 72, hypersthene

ceased to crystallize from the magma. It should be noted that this

crystallization course is for the bulk composition of the crystallized

pyroxenes lying on the join A-8. If. the bulk pyroxene composition is

not on the join .4-8, hypersthene ceases to crystallize at temperatures

higher than Tz and at an Fe/Mg ratio lower than s. At temperatures

below ?2, augite (ferroaugite) and pigeonite (ferropigeonite) would

crystallize side by side from the magma. In the Skaergaard intrusion

(Brown, 1957), the bulk composition hypersthene*augite would have

entered three-pyroxene region at a temperature higher than in the

Weiselberg andesite because augite, hypersthene and pigeonite in the

three-pyroxene region are more magnesian in the Skaergaard intrusion.

This interpretation is similar to that initially proposed by Hess 09aD1'
however, as mentioned before, the present interpretation is based on the

idea that pigeonite is essentially a Ca-bearing mineral and its stability

fi.eld relative to that of augitefhypersthene is not dependent on the

stability field of clinopyroxene relative to that of orthopyroxene in the

Ca-free join MgSiOa-FeSiOr.
The replacement of hypersthene by pigeonite during the crystalliza-

tion is a result of reaction hypersthenefliquid-pigeonite. The liquid

involved in this reaction must be more Ca and Fe-rich than these three

pyroxenes. Pigeonite occurs as phenocrysts in many volcanic rocks,

suggesting that pigeonite is most likely a primary liquidus phase in

natural magmas; however, its initial structure could be difierent from

that observed at room temperature. Yoder, Tilley, and Schairer (1963)

suggested that protohypersthene might be a high temperature form of

pigeonite, although the other possibility that pigeonite is a quenched

stable phase was also considered. Pigeonite crystallizing as a primary

Iiquidus phase might be a clinopyroxene with C-centered monoclinic

lattice as has been suggested by Morimoto and Tokonami (1969). Such

transformation in pigeonite does not afiect the present argument insofar

as the composition of the high-temperature clinopyroxene would be the

same as that of pigeonite. The present argument also does not depend

on whether there is a continuous solid solution between pigeonite and

high-temperature clinopyroxene on the MgSiOa-FeSiOr join (Cz/c)

shown by Smyth (1969) or there is a miscibility gap between pigeonite

and MgSiO3-FeSiOa pyroxene as suggested by Kushiro (1969). It is

emphasized that clinopyroxene of pigeonite composition (regardless of its

initial structure) has a high temperature stability field relative to hy-

persthene{augite and not to hypersthene only.
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