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Amphiboles on the join pargasite-ferropargasite
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Abstract

Amphiboles have been grown across the join NaCarMgoAlSLAlrOrr(OH)r-NaCarFea
AlSLAlrOrr(OH), on QFM and CCH. oxygen bufers to gain insight into the Fe-Mg sub-
stitution in an amphibole without the local charge imbalance caused by Na in the M(4) site.
Oxygen fugacity was found to have no effect upon the unit-cell dimensions of amphibole.
Unit-cell parameterc (A/m) for amphibole grown across the series are la, b, c(ll, p, V(A\l:

9.892(l),' r7.94t(2), 5.277(t), 105.33'(l), 902.2(3)
9.904(l), 17.989(5), 5.291(2), t05"27'(t), 908.6(5)
9.915(3), 18.031(7), 5.301(3), 1o5"24'(r), 913.6(1.0)
9.930(5), 18.104(6), 5.320(2), 105"16'(l), 922.6(9)
9.953(5), 18.152(3), 5.330(2), l05o16'(2), 928.8(4)

No change in cell parameters is observed with temperature on a given bufler. The essen-
tially linear trend indicates disorder of Mg and Fe in M(l), M(2), and M(3) sites. plagioclase
and pyroxene were present in all charges. The amount ranged from a few percent to greater
than 30 percent, without affecting the unit-cell parameters of coexisting amphibole.
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MgrFe2
MgFe3
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Introduction

Pargasites are monoclinic amphiboles having high
Ca, moderate Na, and high Al. The ideal chemical
formula is NaCar(Mg,Fe)oAlSi"Al,Orr(OH)r. The
structure consists of double chains of silica and alu-
mina tetrahedra linked by M(l), M(2), and M(3) oc-
tahedra and by the larger 6- to 8-coordinated M(4)
sites (Papike et al., 1969). The larger 6-12-coordi-
nated A site completes this strip of cations. In parga-
site the A site, l2-coordinated, is occupied by Na
whereas the two M(4) sites, 8-coordinated, are occu-
pied by Ca. The Mg, Fe, and Al"'are distributed in
the remaining five M sites.

No natural occurrenoes of the end members par5a-
site and ferropargasite exist. Intermediate composi-
tions are corrmon in metamorphosed impure lime-
stones, fresh and metamorphosed mafic rocks, and
less commonly in altered ultramafic rocks. Ferric
iron substitution for octahedral aluminum is com-
mon, placing most natural pargasites in the body of

I Parenthesized fgures represent the estimated deviation (esd) in
terms of least units cited for the value to their immediate left. thus
9.892(l) indicates an esd of 0.001.
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the quadrilateral bounded by the binaries pargasite-
ferropargasite and magnesiohastingsite-hastingsite.
Natural occurrenses of pargasite with >0.9 Al't lie
between CarNaMgrFeAlSi"AlrOrr(OH), and Ca,
NaFe,MgAlSLAl,O,,(OH),. Amphiboles grown ex-
perimentally on the pargasite-ferropargasite pseudo-
binary should be compositionally comparable to nat-
ural analogues.

In contrast to pargasites, the richterite series
(Charles, 1974) has one Na in M(4), and the five total
M(l), M(2), and M(3) sites are occupied entirely by
Mg and Fe. The local charge imbalance caused by
Na in M(4) is not found in pargasites. Consequently,
one of the objectives of this study was to synthesize
intermediate and end-member pargasites in order to
contrast some of the physical properties of the two
series.

Experimental procedure

Five oxide mixes were prepared along the par9l-
site-ferropargasite join: Mg., MgrFe, MgrFer, MgFer,
and Feo. As a shorthand notation only the Mg and Fe
will be written: NaCarMg,FeAlSLAlrOrr(OH), :
MgrFe. Iron was added as hematite, Al as 7-AlrOr,
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9 3 0Table l. Average refractive indices for the pargasite senes

Phase R .  I .

P a r q a s i t e ( M q , )'  - + '

Mq ̂Fe

t49rFe,

MqFe^

Ferrooarqas i  te ( Fe, )'  + '

' l . 6 2 4  r  . 0 0 3

I  . 6 5 5  !  . 0 0 3

1 . 6 7 2  !  . 0 0 3

1 . 6 9 4  1  . 0 0 3
. l . 7 . l 5  1  . 0 0 5

Mg as periclase, Si as cristobalite, and Na as
NarSirO, prepared after the method of Schairer and
Bowen (1955). After the mixes were ground in an au-
tomortar for 2 hr, a portion of each mix was reduced
to Feo under Hr. Results were consistent regardless of
the initial state of iron; only kinetics were affected.

Oxygen fugacities were bufered with solid oxygen
buffers (Eugster, 1957) and the graphite-methane
buffer (Eugstcr and Skippen, 1967). The charges
were sealed with excess water in precious-metal cap-
sules and subjected to temperature and pressure in
standard cold-seal hydrothermal apparatus.

Experimental results

Microscopic examination revealed some pyroxene
and plagioclase in each charge. Amounts varied from
a few percent to about 30 percent by volume, depend-
ing upon the experimental conditions. Intermediate
compositions did not nucleate well. Amphibole in
these charges appeared as crystalline aggregates only
about 5pm in diameter. Mean refractive indices of
these aggregates are tabulated in Table l.

The unit-cell parameters were determinsd u5ing a
Norelco powder X-ray difraction goniometer. Scans
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Fig. l. Unit-cell volume rs. composition for pargasite grown on

CCHa (solid line) and QFM (dashed line). 1.00 is ferropargasite.

Error bars : lo for all figures.

of lo/min at a strip-chart recorder rate of I cm/min
were satisfactory to fix the peak positions of amphi-
bole to +0.01", standardized against BaF, (a :

6.1971+0.0002A; which has four usable reflections
between 24" and 49".BaFr, in turn, was standardized
against diamond (a: 3.56703+0.00018A). The am-
phiboles (A/m) were indexed and cell parameters
calculated gsing a program developed by Appleman
and Evans (1973). Twenty-five usable reflections for
pargasite decreased to sixteen reflections for ferro-
pargasite due to ambiguous indexing and poor crys-
tallization. Pargasite and ferropargasite grown in this
study are compared in Table 2 with that grown by
Boyd (1959) and Gilbert (1966).

Unit-cell data for the pargasites are found in Table
3. For a given bulk composition, cell parameters are
uniform with pressure and temperature. No variation
was seen with oxygen fugacity (Fig. l). Amphibole
grown on CCH. and QFM show no di.fference in unit

Table 2. Unit-cell parameters ofpargasite and ferropargasite

Reference a ( A ) b  ( A ) c ( A ) v (n3 )

Boyd (  l  959)
T h i s  S t u d y

G i l b e r t  ( 1 9 6 6 )
T h i s  S t u d y

9 .e06 ( ro )
e .Be2(  r  )

9 . 9 5
o  o ( ? / q \

P a r g a s i t e

r  7 . 9 8 6 (  r  7 )
1 7 . e 4 1 ( 2 )

Fer ropargas i  te

' I  
8 . 1 4' r 8 . 1 5 2 ( 3 )

s .26s (s )
5 . 2 7 7  ( 1 )

5 .  J J

5 .  330 (2  )

1 0 5 . 3 0 ' , ( B )
l n E o ? ? r f l \

' |  
05018 ' ,' |  
0 5 . 1  6 ' ( 2 )

e 0 4 . 7 (  r . e )
e 0 2 . 2 ( 3 )

928
e 2 8 . 8 (  4 )
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Table 3. Unit-cell dimensions

P T Durat ion
(  b a r s )  ( ' c )  ( h )

Anphl b0 | e
t r e t d

(  Percent ) (A )  Be ta( A )Buffer  (A)
t,

(A r )  as l nB

Pargasl te Na CarMgOAl Si UA1 20 Z2(OH) z

5000

2000

2 000

2 000

2 000

2 000

I 000
'I 
000

Av erage

2000

2 000

2 000

2 000
'I 

000

1 000

2000

2000

2 000

2 000

Avera ge

5000

2 000

2 000
'I 
000

2000

2000

Av era ge

5 000

2 000

2000

2 000

Av era ge

750

750

750

750

750

750

850

850

90

95+

80

80

95

90

90

90

90

95

/cu

750

o z a

o z a

850

850

800

700

750

o i u

60

6 0

85

C U

50

85

650

750

t c u

850

750

700

527

J 5 t

330

330

J J U

330

J J O

331

95+

95+

80

85

90

50

95+

99+

e.888(  s )
9 . 8 e 1  ( 4 )

e .8eo(  3 )
e .8e l  (8 )

9 .8es(  2 )
e. 887( 5 )
e . 8 e 3 ( 2 )
e .8ee(2  )
9 . 8 s 2 ( 1  )

r  7 . 9 4 3 (  7 )
r 7 . e 3 2 ( 6 )
r 7 . 9 3 s ( 6 )
17.953(22\
r 7 . 9 3 9 ( 5 )
' r 7 . e 4 o ( r 4 )
' r 7 . 9 4 r ( 5 )
' r 7 . e 4 5 ( 3 )

17 .941(2)

NaCarMsrFeAl Si U A1 Z0 z2(0H) z
HMt**  9 ,901(3)  17 .g lz (7)

Q F M  e . 9 0 4 ( 3 )  r 7 . e e ] ( 6 )

Q F M  e . e l r ( s )  1 8 . 0 0 6 ( 1 0 )

Q F M  e . 9 0 7 ( s )  l 8 . o l l ( l l )

Q F M  e . 9 0 5 ( 3 )  1 8 . 0 0 2 ( 6 )

Q F M  s . e 0 8 ( 2 )  r 8 . 0 0 3 ( 4 )
ccH4 9 .898(4)  r  7 .953(1  0)
c c H 4  9 . 9 0 s ( 2 )  r 7 . e 7 6 ( s )
ccH4 e .8s8(3)  17 .e79(7)
r w  e . 9 0 3 ( 3 )  1 7  . e 7 s ( 6 )

e .  e04(  r  )  r  7 .  e8e(  s )

Na Ca2Mgz FeZA I S i 6A1 Z0 z2(0H) 2

Q F M  e . e l e ( 8 )  1 8 . 0 3 r ( 2 0 )

QFr4 9.917(2',)  18.048(4)

Q FM e. eo6( 4) 1 8. 044( 7 )
QFr , r  e .eo7(4)  18 .016(8)
ccH4 e .91  6(  5 )  r  8 .  oo7(  r  0 )
c c H 4  9 . 9 2 5 ( 3 )  r 8 . 0 3 9 ( 7 )

e . e ] s ( 3 )  r 8 . o 3 r ( 7 )

NaCaZMg Fe3Al Si O A1 2022rcH)z

QFM

QFM
ccH,
rau

5 . 2 8 0 ( 3 )  r  0 s 9 3 3 ' ( r  )
5 . 2 7 5 ( 4 )  l 0 5 " 3 o ' ( 2 )
5  .277 (2 )  1  05 .32 '  (  r  )
5 . 2 8 0 ( 1 0 )  1 0 5 " 3 8 ' ( 7 )
5 . 2 8 0 ( 2 )  r 0 5 . 3 4 ' ( 2 )
s . 2 7 1 ( 5 )  1 o s . 3 r ' ( 4 )
5 . 2 7 6 ( r )  r 0 5 . 3 3 ' ( r )
5 . 2 7 8 ( r )  r 0 s " 3 5 ' ( 1 )
5 . 2 7 7 ( 1 )  r 0 s . 3 3 ' , ( 1 )

5 .296(2)  r05 '28 ' , (2 )
5 . 2 s 0 ( 2 )  1 0 s " 2 7 ' ( 2 )
s . 2 8 3 ( 8 )  r  0 s " 3 0 ' (  s )
5 . 2 8 8 ( 8 )  r 0 5 ' 2 7 ' , ( 4 )
s  .2e7 (2 )  r  0s"26 '  (  1  )
5 . 3 0 0 ( 4 )  r o s ' 2 8 ' ( l  )
s . 2 8 e ( 3 )  r 0 s . 2 7 , ( 3 )
5 . 2 8 6 ( 2 )  1 0 s ' 3 r ' , ( 2 )
s .290(2)  105.24 ' (2 )
5 . 2 e 1 ( 2 )  r  o s ' 2 7 ' ( l  )
5 .291(2)  r05o27 ' ( r  )

s . 2 e 9 ( 4 )  1 0 s . 2 6 ' ( 4 )
5 . 3 0 9 ( 2 )  r 0 5 " r e , ( r )
5 . 3 0 7 ( 2 )  r 0 s . r e ' ( 2 )
5 ,292(5) I  05025' ( s)
s . 2 e 4 ( 5 )  r o s . 3 2 ' ( 3 )
5 . 3 0 4 ( 2 )  r o 5 o 2 3 ' , ( 2 )
s . 3 0 r ( 3 )  r 0 5 . 2 4 ' ( 2 )

eoz.s (s )
eor .5 (5)
e o l . e ( 4 )
e 0 2 . 8 ( 1 . 0 )
e02.8(  3 )
e00.  9 (  e  )
eoz. r  (  2)
903.  r  (2 )

902.2(2)  e .530

e 0 8 . 9 ( 4 )
e08.  s (  3  )
e 0 8 . 5 ( r . 3 )
s o e . s ( l . o )
e l  0 . 6 ( 4  )
e i l  . l  (2 )
s06.4(  5 )
e06.9(  3 )
e 0 7 . 5 ( 4 )
e 0 8 . 1  ( 3 )

9 0 8 . 6 ( s )  e . s 4 6

e r 3 . s ( 1 . 0 )
e I 6 . f l 3 )
e r 4 . e ( 4 )
e I 0 . 7 ( 6 )
e l  0 . 7  ( 7  )
e r  5 . 5 ( 4 )
o r ?  a l l  n \  o  E ( o

92  0 .8 (  3  )
e24 .e (s )
e 2 r . 4 ( s )
e23 . r (4 )
922.6(9)  9 .580

e28.8(4  )
e28.8  (  4  )
928.8(4)  9 .602

2000 500

2000 700

Average

1 0 5 . 1 3 ' ( l )

l o 5 " l 8 ' ( 2 )

1 0 5 " t 8 ' ( 2 )

r o s ' r s ' ( 2 )
1 0 s . r 6 , ( r )

l 0 5 o l  5 , (  2 )

l 0 5 . l 8 , ( 3 )
' r  
05"1 6,  (  2)

90

60

95

90

650

750

625

700

127
'I 
095

1 008

I 008

I 006

J J I

665

l 0 l 5

499

120

I  J O /

427

672

1 1 7 8

368

673

784

a + o  J

1  5 1 8
'I 
650

'101 
5

498

Ferropargas I te Na Ca, FeOAI Si rAl Z0 ZZ(OH) z

9 . 9 1 8 ( 3 )  r 8 . 0 8 8 ( s )  s . 3 1 9 ( 2 )
e . e 4 o ( 4 )  1 8 . ' n 3 ( e )  5 . 3 2 6 ( 3 )
e . 9 2 7 ( 4 )  r 8 . 1 0 6 ( e )  5 . 3 1 s ( 3 )
9 . e 3 4 ( 3 )  r 8 . l 1 o ( r 6 )  5 . 3 r e ( 2 )
e .e30(s )  r8 . r04(5)  5 .320(2)

e . e 4 7 ( 3 )  1 8 . r s 4 ( 7 )  s . 3 3 2 ( 2 )

9 .e58(4)  r8 . l4e(7)  5 .32812)
e . 9 5 3 ( s )  r 8 . l s 2 ( 3 )  s . 3 3 0 ( 2 )

90

95
QFM
ccH4

Parenthesized f igures represent the est imated standard devlat ion (esd) in terms of  least  uni ts c i ted
fo r  t he  va lue  t o  t he i r  i nmed la te  l e f t ,  t hus  9 .888 (5 )  i nd i ca tes  an  esd  o f  0 .005 .

Euffer  notat ion is  as fo l lows:  HMt = hemat l te -  nagnet i te,  QFl4 = quartz -  fayal i te -  magnet i te,
CCHA = graphi te -  methane, and I t {  = l ron -  wust i te.
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QFM: V (A'7 :26.58 X(ferropargasite)
+ 902.18; f  :O99

Most experiments were done on QFM and CCt{o'
but those done on HMt and IW substantiate this ob-
servation. This is in agreement with the study by Gil-
bert (1966), which shows essentially no variation in
ferropargasite unit cell with oxygen fugacity.

Figure 2 compares the effects of oxygen fugacity
on unit-cell parameters for analogous compositions
in the pargasite and richterite series. The richterite is
from Charles (1974). Within two sigma no trend is
seen in the pargasite, whereas a dramatic decrease in
cell volume is seen in the richterite with increase in
oxygen fugacity.

Yields of amphibole down to about 60 percent of
the charge by volume had no effect on the unit-cell
parameters. Either charges with low amphibole yield
nonstoichiometric pargasite with fortuitously similar
cell dimensions to that of purer charges, or the am-
phibole is on composition. Experience with other am-
phibole systems indicates the latter case is more
probable.

Figure 3 shows all the unit-cell data for the parga-
site series. f,he dashed curves 41s 5imilar measure-
ments for the richterite series (Charles, 1974). All
data are fltted with a linear curve by the least-squares
method (Tpble 4). Some of the data suggest a non-
linear fit, but not at a two-sigma confidence level.

Discussion

Pargasites are more stable than richterites,
Na,Ca(Mg,Fe),Si,O,,(OH), (Boyd, 1959; Gilbert'
1966; Charles, 1975). A number of structural obser-

o r )
N

t l

4 L
t)
o|

9 0

I I

I o

o 2

L o g  ( O * y g e -  F u g o c r t y )

Fig.  2.  (a)  Uni t -cel l  volume of  pargasi te Ca2NaMg.
FeAlSi5Al2Orr(OH)2 r,s. oxygen fugacity. (b) Unircell volume of
richterite CaNarMgoFeSi6O22(OH)2 ys. oxygen fugacity (Charles,
r974).

cell at the 2-sigma level. The curves are fitted by least
squares to a straight line,

CCH.: V (A\ : 27.49 X(ferropargasite)
+ 900.97: r'?:0.99

Table 4. StraightJine fit to unit-cel parameters y: ax + b, r2: degree of fit, where y: cell parameter and x: mole fractionof iron-

bearing end member

C e l I

Pa rameters

P a r g a s i t e
2r

R ich ter i  te

D
Lr

0 . 0 6 A

0  . 2 1 A

0 . 0 5 A

-  l g '

2 6 . 8 A 3

0.  07A

9 .89A

1 7 .  94A

5 . 2 8 4

I  0 5 0  3 2 '

9 0 l . 8 A 3

q q ? a

0 . 1 0 A

0 . 2 6 A

0.  04A

-  1 7 '

30  .7A3

0 . 1 I A

9.  90A

1 7  . 9 7  A

5 . 2 7  A

' I  
0 4 0  1 2 . 5 ' ,

908.5A3

9 .60A

a

o

R

V

0 . 9 7

0 .  9 9

n q q

0.  94

n o o

0 .  9 9

n o o

n o q

n q q

0  . 9 9
'I  

.00

1  . 0 0a s i n B
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Fig. 3. Variation of average unit-cell parameters with composition (1.00 : ferropargasite) for pargasite (this study) and richterite
grown on IW (Charles, 1974).
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vations contrast the two amphibole series. The richte-
rite structure has a local charge imbalance because
one sodium must occupy an M(4) site and be coordi-
nated by six oxygens (Ghose, 1966; Whittaker,1949,
1960). This is compensated by addition of a small
amount of ferric iron in M(2) which is nearest to
M(4) in the iron-bearing richterites. In pargasite
M(4) and I are occupied by Ca and Na respectively.
The interior M sites contain Al and 4(Mg,Fe).
Should some Na be present n M(4), Al in M(2)
would alleviate any charge imbalance. This observa-
tion and the closer proximity of the adjacent double
chains caused by a smaller mean cation size in the M
sites indicate why pargasite is thermally more stable
than richterite.

Figure 2 shows one effect of local charge imbal-
ance. Pargasite shows a more uniform cell volume
with respect to oxygen fugacity than does richterite.
The local charge imbalance in richterite is enhanced
at higher oxygen fugacities, presumably causing
more ferric iron to enter M(2). At the higher oxygen
fugacities of the HMt buffer, richterite unit-cell pa-
rameters deviate from those observed at lower buf-
fers toward magnesioriebeckite (Ernst, 1968), which
is known to have Fe'* occupying M(2) (Bancroft and
Burns, 1969).

The unit-cell parameters of pargasite are linear
with composition in contrast to richterite (Charles,
1974). The variation in unit-cell parameters with
composition can be interpreted in terms of arrphi-
bole structure. The parameters a and asinB depend
upon the mean size of cations linking the double
chains of silica and alumina tetrahedra (Ernst, 1968;
Huebner and Papike, 1970; Cameron and Papike,
1979). One would expect a linear change with addi-
tion of iron. This is observed in the pargasite series.
Parameter b depends upon the occupancy of M@)
and M(2) which actually link the chains of silica-alu-
mina tetrahedra. M(4) is occupied by Ca and Na in
all cases. If iron and magnesium are randomly dis-
tributed n M(l), M(2), and M(3), a linear increase
would result as is observed. Parameter c. chain
length, reflects the occupancy of the chain and the
M(l) and M(3) sites. Six Si and two Al are the tet-
rahedral cations for all pargasites. Linear increase in
chain length reflects random mixing of Fe and Mg in
M(l) and M(3). Beta mirrors changes in I site size.
In all cases I is occupied by Na and possibly Ca.
However, the structure around I becomes increas-
ingly larger due to addition of iron. The net effect is
that of placing a relatively smaller cation in,4, caus-
ing B to decrease. Combining these effects for parga-

site, one sees a linear increase in volume within the
scatter of the data.

The nonlinearities seen in richterite due to prefer-
ential filling of M(l) and M(3) with ferrous iron over
M(2) are not seen in the pargasites. A more complete
discussion of richterite unit-cell parameter is pre-
sented in Charles (1974).
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