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Sector zoning of clinopyroxene from a weakly metamorphosed diabase
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Abstract

New data are presented for a sector-zoned clinopyroxene from Loch Lockton, Scotland. Al,
Ti,  and Ca are enriched, and Mg and Si are depleted, in the (010) and (100) sectors relat ive to

[001 ]. This pattern of sector zoning differs from that of other reported occurrences of sector-
zoned clinopyroxene. No model of sector zoning has yet been given to account for different
patterns of sector zoning in one mineral species.

The data also show that sectoral differences in composition in clinopyroxene can survrve
low-grade metamorphism.

Introduction

Hour-glass or sector zoning is observed in cli-
nopyroxenes from terrestrial and lunar basalts. Re-
cent studies of the chemical inhomogeneities in these
pyroxenes based on microprobe analyses include
those of Strong (1969), Hargraves et al. (1970),Hol-
l ister and Hargraves (1970), Bence et a/. (1970), Hol-
l ister and Gancarz (1971), Holl ister et al. (1971),
Wass (1973),  Nakamura (1973),  and Leung (1974).
As the number of descriptions of individual cases has
increased, it has become clear that the compositional
distinctions of sectors in sector-zoned pyroxenes are
not the same for each case. They apparently differ as
a result of differences in bulk composition and prior
crystall ization history as well as in differences in cool-
ing histories. However, the very existence of these
differences may enhance the potential usefulness to
petrology of the understanding of sector zoning.

We describe results for sector-zoned pyroxenes
from the Girvan-Ballantrae Igneous Complex, Scot-
land. No attempt is made to interpret the data in the
context of models of crystal growth and the origin of
sector zoning (see Dowty, 1976, for a recent dis-
cussion of this subject); however, they are presented
because they add a new variation to those already
published and therefore are essential to an ultimate
understanding of sector zoning. The fact that they
occur in an otherwise altered (by low-grade meta-
morphism) igneous rock serves to i l lustrate that
through an understanding of sector zoning a means
of understanding the origin of basaltic rocks in low-
grade metamorphic terranes may be provided, be-

cause the chemistry of sector-zoned pyroxenes ap-
pears to resist changes due to metamorphism.

Results

The Girvan-Ballantrae Igneous Complex is a
poorly exposed, structurally complex Ordovician
ophiolite. The major rock types of the complex in-

clude serpentinized peridotite, gabbro, diabase, pil-
low basalt, chert, and black shale. These rocks locally
show effects of metamorphism to the greenschist and,
occasionally, lower amphibolite facies. Further dis-
cussion of the geology and tectonics of the area can
be found in Hark ins (1973).

A diabase from the Loch Lockton area of the
complex contains well-developed sector-zoned titani-
ferous augites. These augites contain up to three
weight per cent TiO, and occur as 0.25 mm
phenocrysts in a groundmass altered by low-grade
metamorphism. In addition to pyroxene, major
phases in the rock are biotite, chlorite, sericit ized
plagioclase, t itanite, i lmenite, and minor apatite.
Crystal faces in the pyroxenes are moderately well
developed parallel to the c crystallographic axis, but
terminal faces are not present. The grains show an
anomalous blue birefringence. Prominent sector zon-
ing is apparent under crossed nicols as differences in
extinction angle and birefringence and, in plane light,
as differences in pleochroism (pale pink to green).

The two crystals discussed below have mutually
perpendicular c axes as determined by universal stage
measurements. Observation of these and sectors in
other orientations allows construction of an idealized
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Fig. I Sketches of clinopyroxene grains, as viewed in thin sec-

t ion,  for  which data are reported in Figure 3 and Table l .  The
black is ilmenite; the wavy-patterned area is an altered plagioclase
crystal; the speckle-patterned area is a titanite crystal The lines
with arrowheads mark the l ines of  t raverses (Fig.  3) .  The di rect ion
is right to left on Fig. 3

Fig 2 Sketch of  c l inopyroxene crystal  wi th forms (010),  ( l l0) ,

and (100),  showing the re lat ive development of these forms for  the

study samples.  The form(s) for  the [001]  sector  were not  ident i f ied

Table l .  Analyses of  c l inopyroxene seclors

2 3 4

s e c t o r  ( 1 0 0 )  ( 1 1 1 )  ( O 1 O )  ( 1 1 0 )  ( 1 0 0 )  ( 0 1 0 )  ( 1 1 0 )  n . r ,  n . r .  ( 1 0 0 )  ( 1 0 0 )  [ 0 0 1 ] ( o1o )  [ oo1 ]

s i 0 2  4 6 . 4 0

A 1 2 0 3  
6 , 4 3

C r 2 O 3  n . r .

T i o 2  1 . 3 2

F e O x  6 . 4 8

M g o  1 0 . 0 7

M n O  0 . 0 6

C a O  2 3 . 8 3

K 2 O  0 . 0 2

N a 2 0  o , 2 3

T o t a l  9 8 . 8 5

CATIONS**

s i  1 ,  7 5 8

A l r v  0 , 2 4 2

Alv r  0 .045

T i  0 . 0 3 8

Fe

Mg

Mn

K

Na

5 0 . 2 5  4 6 . 8 6  4 s . 7 0

2 . 4 2  5 . 2 3  5 , 8 6

n .  r .  n .  r .  0 , 0 3

0 . 1  5  0 , 8 6  1 ,  0 0

4 . 1 8  6 . 3 4  6 . 3 8

1 6 . s 9  1 3 . 9 1  t 3 . 4 6

0 . 0 9  0 . 0 9  0 . r 2

23.73  23 .70  23 .57

0 . 0 1  0 . 0 1  0 . 0 1

0 . 1 0  0 . 2 r  0 . 2 1

9 8 . 7 1  9 7  . 2 0  9 6 . 3 L

1 . 8 8 1  r . 8 0 2  ! . 1 7 8

0 . 1 0 7  0 , 1 9 8  0 . 2 2 2

0 . 0 0 0  0 . 0 3 9  0 . 0 4 7

n . r .  n . r .  n . r .

0 . 0 2 1  0 . 0 2 5  0 . 0 2 9

0 , 1 5 0  0 . 2 0 4  0 . 2 0 8

o . 9 2 6  0 . 7 9 7  0 . 7 8 1

1 . 0 0 3  0 . 0 0 3  0 . 0 0 4

0 . 9 5 2  0 . 9 7 7  0 . 9 8 3

0 . 0 0 0  0 . 0 0 1  0 . 0 0 0

0 .  008 0 .  01s  0 .  016

50 .1  50 .4  50 .8

? , . 1 4  2 . 6 0  2 . 4 8

0 .  0 6  0 .  0 5  0 . 0 2

I . 2 0  7 . 5 2  r . 5 2

\ 2 . 7  r 0  . 7  1 0 ,  6

t 6 . 5  7 4 . 9  1 4 . 8

O . 2 4  0 . 2 3  n . r .

L5 .2  18 ,7  L9 .2

0 . 2 6  0 . 3 1  0 . 3 1

9 9 . 0  9 9 . 4  9 9 . 9

L .9 r4  r . 891  L .902

0 .  086 0.  103 0.  098

0 . 0 0 5  0 . 0 1 2  0 . 0 1 2

0. 001 0.  002 0 .  001

0 .034  0 .043  0 .043

0 . 4 0 1  0 . 3 3 7  0 . 3 3 1

0 .  930  0 .  834  0 .824

0 .  011  0 .  008  0 .  007

0 . 6 r 6  0 . 7  5 5  0 . 7 7 1

0 . 0 1 9  0 . 0 2 3  0 . 0 2 2

4 r . 7  4 1 . 3

7 r . 7  6 . 2 7

O . 0 2  n . r .

5  .  4 0  2 . 9 2

7  . 8 1  7  . 0 7

9 .54  12 .O

n . r ,  n . r ,

2 2 . 9  2 2 . 4

0  .  6 9  0 . 5 2

98 .  0  98 .  5

r . 5 9 9  1 . 7 9 2

0 .  401  0 .  208

0 . 0 8 3  0 . 0 6 9

0 ,000  0 .001

0 .  15  7  0 .  084

o .251  0 .233

0  . 546  0 .  678

0 .  938  0 .  910

0 . 0 5 1  0 . 0 1 8

4 7  . 3 3  4 1  . 3 3

5 .  9 1  7  . 3 0

n . r .  n . ! ,

2 . 6 5  3  .  1 6

1 1  . 5 5  1 0 .  6 5

1 7 . 4 7  1 1 . 7 0

19.94  19 .93

9 8 . 8 6  9 8 . 1 3

1 . 8 0 6  7 . 7 7  4

0 . 1 9 4  . 2 5 6

o . o 7 2  . o J 5

0 . 0 7 6  . 0 9 1

0 . 3 6 9  . 3 4 2

0 . 6 5 3  . 6 7 0

0 . 8 1 5  . 8 2 r

5 0 . 6 3  4 6 . 6 9  s r . 6 2

2 . 5 8  6 . 3 6  2 . 5 8

n . r .  n . r .  n . r .

1 . 0 5  2 . 1 9  r . r 2

1 0 .  6 4  1 0 .  2 3  1 0  .  1 7

1 6 .  0 5  1 , 2 . r 9  1 5 .  6 1

n , r .  n , r ,  n . r .

r 7 . 4 6  2 0 . 3 4  1 8 . 1 7

n . t .  n , r .  n . r '

9 8  . 4 2  9 8  .  6 3  9 9  . 2 9

1 . 9 1 1  1 . 7 8 0  L . 9 2 6

0 . 0 8 9  0 . 2 2 0  0 . 0 1 4

0 . 0 2 6  0 . 0 5 6  0 . 0 4 0

0 . 0 3 0  0 . 0 8 0  0 . 0 3 2

0 . 3 3 6  0 . 3 2 4  0 . 3 1 8

0 . 9 0 3  0 . 6 9 3  0 . 8 6 8

n . r .  n , r .  n . r .

0 . 7 0 6  0 . 8 3 1  0 . 7 2 7

n . r .  n . r .  n . r .

0 .  205

o . 7  9 4

0 .  002

o .967

0 .  001

0 .  017

4 .1 .
2 .
3 ,

H o l l i s t e r  a n d  C a n c a r z  ( 1 9 7 1 )  c r y s t a l  1
Nakanura (1973)
l iass  (1973)

Th is  s tudy
All Fe as FeO
on the basis of 6 oxygens n . r .  n o t  r e p o r t e d



HARKINS AND HOLL]STER: SECTOR ZONING OF CLINOPYROXENE

s;

T i

5 1

4 9

4 7

4 5

3

2

1

7

(roo)

. A - .. , ^ -
B  . " '

i ? +
o 4

+  +  + -

T i  +
+r+*+rr++++t-i++++afuf.rf+ +\

o

o

o
o

o

ooo 
ooooo 

do

o o

o ^  o
o ^ -

oo

o
o
o

o o0o

o

o

A I
o

^ - o ooo-o*odPoooooQoo-o-o o @
.  o o

. o

+
#+ af *' +

+++, + ++

+

o

^  o  " ^ o o ' o

OO

l-{
24 l t

, 
C' 1r***tt.**.*. o -oto 

J** **'
t+ff{+ ^^o o ^^ o6-o0o "

* *  o " - o o  @ o o w o  o  *  4

o
o

+

o t t  4 * +  a ' + . . + + { +  +  o
+ q + +

+ t

o

l \ r ln  ^  o
^o o ^&-^

obq, 
^o 

o- o oo@" 
'o

oooo6 ooo

* o o

1 6

1 5

Mg 14

1 3

'12

1 1

t o

1 1

1 0
20

1 9

1 8

1 7

Fe

Ca

Fig.  3a.  Var iat ions of  the elements Si ,  T i ,  Al ,  Fe,  Ca, and Mg along t raverse (a) ,  F ig.  l .  Analysis points reported in Table I  are
identified by letters.

pyroxene morphology for these crystals. This mor- crystal center and bases forming crystal faces. Where
phology and sketches ofthe described grains are illus- these faces are developed, the sector is named for the
trated in Figures I and 2. face formed by its base. Where no face is developed,

Sectors are pyramid-shaped, with apices at the the zone symbol, [hkl],is used. When the plane of the
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Fig. 3b. Variations of the elements Si, Ti, Al, Fe, Ca, and Mg along traverse (b), Fig. I Analysis points reported in Table I are
identified by letters.

thin section is not precisely through the center of the is a slice of the apical portion of the (010) sector; in
crystal, a small portion of the sector whose base is lb it is (100).
parallel to the plane of the section is included in the The sector zoning was studied with the aid of an
section. Thus, in grain la the small central rectangle ARL-EMX electron microprobe using techniques
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similar to those described in Holl ister and Gancarz
(1971). The augites have a fairly simple chemistry
comprising the cations Fe, Ca, Mg, Si, Ti, and Al;
(Cr, K, Na, and Mn were not found in detectable
quantit ies). Representative analyses for sectors [001],
(100), and (010) are presented in Table I with those
of other studies for comparison. Although recogniz-
ably present, the small size of the (l l0) sector pre-

cluded accurate comparison with adjacent sectors.
Chemical variations between sectors are presented

in Figure 3. Analyses made at two-micron intervals
along the traverses i l lustrated in Figures I a and b
show abrupt changes in concentration at sector
boundaries for all elements except iron. Examination
of Figure 3 and the table indicates that not all cations
in other reported occurrences of sector zoning show
the same relative enrichment with respect to sectors.
This is most apparent in Ca: it varies between sectors
in this study and that of Nakamura (1973), whereas it
is constant in the crystals studied by Holl ister and
Gancarz ( 197 1). On the other hand, differences in Ti,
Al, and Si between sectors are large in all samples

except that of Nakamura, which may be because the

[001] sector is absent from Nakamura's sample. The
big sectoral difference in Ca in the present example is
between [001] and the other sectors, whereas for that
of Nakamura it is between (100) and the other pris-

matic sectors.
Only terrestrial examples are given in the table.

The lunar examples add more complexities.
It should be clear that any model for the origin of

sector zoning must take account of the fact that there
is not one universal pattern of sector zoning. even in

one mineral. The model developed by Dowty (1976)

comes the closest to explaining sector zoning for the
few examples which have been described, but no
model has yet accounted for differences ofpatterns of
sector zoning in one mineral species.
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