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Alsrnecr

Prehnite and pumpellyite are abundant low-grade metamorphic minerals in the
metavolcanic rocks of the Triassic Karmutsen Group of central Vancouver Island, B. C.
The prehnite and pumpellyite occur as amygdaloidal minerals and as alteration products
of glass and plagioclase. An electron microprobe study of prehnite from the Karmutsen
Group has shown as appreciable amount of solid solution between the two ideal end mem-
bers CarAlzSLOto(OH), and CazFezSLOro(OH)z; at least 30 mole percent CazFerSi:Oro(OH)s
is present in some samples. The awrage total Fe as FezOt content of 18 samples ranges
from less than 0.1 to 8.2 percent.

Pumpellyite also shows a wide range of total iron compositions. The inverse relationship
between Fe and Al indicates that much of the iron must be Fe3+. The maximum determined
total iron is 23.0 percent expressed as FesO:. The compositional field of pumpeilyiteap-
parently is expanded at low temperatures and pressures.

INrnolucrroN

The widespread occurrence of prehnite and pumpellyite in low-grade
metamorphic terrains has been known for many years. However, it was
not until Coombs (1960) proposed the prehnite-pumpellyite metagray-
wacke lacies that general interest was aroused in prehnite and pumpel-
lyite. Coombs proposed the prehnite-pumpellyite metagraywacke facies
to include those assemblages produced under physical conditions in
which the following assemblages are commonly formed: quartz-prehnite-
chlorite, or quartz-albite-pumpellyite-chlorite, without zeolites and
without the characteristic minerais of the glaucophane schist facies,
jadeite or lawsonite. Seki (1961) also has proposed a pumpellyite-prehn-
ite facies to fill the gap between the zeolite facies and the greenschist
facies. Since the work of Coombs (1960) and Seki (1961) the reports of
pumpellyite-prehnite bearing rocks have been numerous. Nevertheless,
little is known about the compositional ranges or stability fields of
prehnite and pumpellyite. The electron microprobe study of prehnite and
pumpellyite from the Karmutsen Group in the Buttle Lake area of
central Vancouver Island provides valuable information on the com-
positional and stability fields of these mineral phases.

The Triassic Karmutsen Group consists of approximately 18,000
stratigraphic feet of amvgdaloidal flows, aquagene tuffs, pillow lavas,
pil low breccias, and a few thin interlava sediments (Surdam, 1968). In
the Buttle Lake area low-grade metamorphism has resulted in prehnite-
pumpellyite-bearing assemblages.
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ANervrrcnt, TrcnNrquns

X-ray d.,ifraction. T]he unit-cell parameters and unit-cell volumes designated for the

minerals in this study were determined by using a Norelco X-ray difiractometer and CuKa

radiation. Silicon metal (20c.r<":28'468') was used as an internal standard' Four complete

oscillations were performed on each mineral sample. Peak locations t'ere measured to

0.005. 2a and averaged. The unit-cell parameters and unit-cell volumes were calculated

using a least-squares computer program designed by Burham (1962). The error Iisted for

the unit-cell volume determinations is calculated by the computer program'

Dlectron microprobe. An EMX electron microprobe manufactured by Applied Research

Laboratories and located in the UCLA Geology Department was used in this study. The

operating conditions, standards, spectrometer crystals, and analyzing modes for the prehn-

ite and pumpellyite analyses are listed in Surdam (1967, p.276). Also the procedure for

calculating ihe background, absorption, fluorescence, and atomic number corrections is

outlined in detail by Surdam (1967 , p. 27 5-280). The minerals were studied by means of

polished thin sections.

The reproducibility of the electron microprobe data was checked by taking a number of

measurements on the same spot. In general, the reproducibility of measurements fol ele-

ments heavier than calcium was excellent. It was found for calcium and heavier elements

that the deviation was less than one percent of the amount present. For elements lighter in

weight than calcium the reproducibility ranged from 2 to 5 percent of the amount present.

Other possible major sources of error include zoned standards, surface relief on polished

speci-ens, variations in the carbon sputtering, and instrumental errors. J. V. Smith (1965'

p. 830) using electron microprobe techniques similar to those utilized in this study esti-

mates his relative accuracy as 1 to 5 percent of the amount of an element present.

PnBnNrrB

Occuffence. Prehnite in the Karmutsen Group, like the other hydrous

calcium aluminum silicates laumontite and wairakite, occurs as an

the section, prehnite is spatially associated with laumontite. However,

in the lower half of the section, prehnite occurs to the exclusion of all

other hydrous calcium aluminum silicates, with the exception of epidote

and pumpellyite. Amygdaloidal prehnite is present throughout the

section except for the uppermost part. It is most prevalent in the thin-

Iayered flows that occur just above the basal pillow lava and aquagene

tuff unit. Amygdaloidal prehnite occurs only in flows in which the calcic

plagioclase grains have been altered. Prehnite as an alteration product of

calcic plagioclase occurs almost exclusively associated with prehnite

amygdales.
Amygdaloidal prehnite characteristically occurs as barrel-shaped

aggregates or as a shapeless mass filling the amygdale' Individual

crystals are rare, but they do occur being more common in the alteration
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products of glass or in the decomposition products of raumontite. The
physical habit of the prehnite in the Karmutsen Group is best described
as extremely varied. Amygdaloidal prehnite is most often associated with

very common in the prehnite, especiaily its mode of extinction. Some
samples have undulatory or incomplete extinction, whereas others have
perfectly normal extinction. The same is true of interference colors, for
some samples have normal colors, whereas others display anomalous
(blue or purple) first order interference colors.

crystall'ography. Hashimoto (196a) has shown that the chemicar com-
position of prehnite can not be determined from its opticar properties. In
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Frc. 1. CaO:AlzOalFerOa (total iron) variation diagram for ptehnite in the Karmutsen

Group.

Tasm 1. Pmnlr, ErncrnoN Mrcnopnosn Arar'vsrs 'qxo Cnll Derl or

PnrnNrtn, K,qRMursrN GnouP

A. Partial electron microprobe analyses of prehnite, Karmutsen Group

Sample no

SiO,  43 .s  43 .3  43  5  44 '2  44 '3  43  1  44 '6  43 '0

CaO 26. |  26 .0  25 .g  25 '3  25  8  26  2  25 '6  26  3

AlrOe 22.6 '23 2 24'5 24 4 24'4 25 0 17 '4 17 '6

F e r O s  2 . 6  2 . O  0 . 9  1 ' 1  0 9  0 4  8 0  7 ' 6

(tota.l Fe)
R a n s e o f F e O r  0 . 4 - 6 8  0 . 6 - 1 0 . 8  0 . 5 - 1 6  0 1 1 4  0 1 - 5 5  O ' l - 1 ' 2  4 ' + - f 0 ' 3  O ' + 9 ' 2

Subto ta l  94 .8  94 .5  g4 '8  95  0  95  4  g4 '7  95  6  94 '5

B. Prehnite cell Cata, Karmutsen Group

a Averoge ComPosr t ron
-C lmPosr t ionoI  Ronge

: -
6 A a
, A '
I ' (A ' )b

4 . 6 3  4 . 6 3  4 . 6 3  4 ' 6 2

5 4 8  5 5 8  5 4 8  5 . 4 7

1 8 . 5  1 8  5  1 8 . 5  1 8  5

47O 469 468 467

4 . 6 3  4 . 6 4  4 . 6 4

5 49  5 .49  5  49

1 8 . 5  1 8  5  1 8 . 5

470 472 471

4 . 6 2
5 .49

1 8 5
469

a (+  0 .003)
b  ( t  0 . 2 )
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an effort to correlate crystallographic properties with the composition of
prehnite, the unit-cell parameters for eight samples were calculated
(see Table 1). The prehnite peaks were indexed using the hkl, valtes
suggested by Nuffield (1943). For differences of g wt. percent Fezos
(total iron), the unit-cell volume of prehnite changed o.riy 5 Aa. Each
prehnite sample represents a range of compositions, and because the
absolute average composition of each specimen as determined by electron
microprobe analyses is diff icult to ascertain, a determinative curve is not
warranted by these results. However, there is a slight increase in the
unit-cell volume of prehnite with an increase in iron content.

Pulrpprtvrrn

occurrence. The widespread occurrence of pumpellyite is characteristic
of low grade metamorphic terrains. pubrished examples, summarized by
Seki (1961), include such terrains in california, iapan, celebes and
Borneo, New caledonia, New zearand., Australia, scotrand. Haiti
Island, and Michigan. In addition, Jambor (1960) noted that pumpel_
lyite occurred in the Karmutsen Group of vancouver rsland, B. c.;very
recently, vance (1966) has reported the occurrence of pumpelryite in the
San Juan Islands northwest washington. pumpellyite has a relativery
wide stabil ity range being found in the blue schist, the greenschist, as
well as in the pumpellyite prehnite metagraywacke facies.

Pumpellyite in the Karmutsen Group occurs as needles and radiating
clusters in amygdales, as an alteration product of calcic plagioclase, and
as amoeboid patches in the matrix of flows and tuffs. Typical pumpel_
lyite from the Karmutsen Group is various shades of g...o, blue and

!._o*n, and it is always pleochroic. Under crossed nichols, the pumpel_
Iyite characteristically displays anomarous interference colors, especiallv
greens and blues. A strong color zoning in some of the pumpellyiie when
studied with the electron microprobe was found to reflect differences in
iron contents.

Amygdaloidal pumpellyite has been found only in flows in which the
calcic plagioclase has been altered and is usuaily in one of the following
assemblages : pumpellyite, pumpellyite-quartz, pwmpettyite_prehnite_quartz,
pum pellyite-e pi'd.o t e-C a carbonate- quartz, pum p ett yite-e pi d.ote- quartz, anc|.
all assemblages-lchlori.te. Also it should be noted that laumontite com-
monly occurs in the same amygdare, but it is arwavs surrounded by
qttartz, and it is never in direct contact with pumpellyite. Members of
the analcime-u'airakite series are never found in the same amygdale with
pumpellyite.

Electron microprobe stud'y. The study of pumpellyite from the Karmutsen
Group sheds light on the inferred stability relations of pumpellyite in
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regional metamorphism. unrike the Japanese occurrence studied by
seki (1961) which is characterized by low temperatures and reratively
high solid pressures, the low grade metamo.plir- of the Karmutsen
Group is characterized by low temperatures and relatively low solid
pressures (Surdam, 1967). As noted in Table 2, there ure important
chemical differences in the pumpeilyite from the two districts. pu.rrpel-
lyite from the Karmutsen Group is much more iron-rich and masnesium-
poor than pumpellyite from California and Michigan icoombs, tOsS;
and Japan (Seki, 1958; 1961), the only other low grade metamorphic
terrains for which reliable analyses are published (see Fig.2). coombs
(1953, p. 129) noted that in pumpellyite irom North Range, Taringatura

Tr'-n'-n 2. P,q,nrra.r, ErncrnoN Mrcnopnoer ANer.ysos LNo CBr. D,q.ra or pulerr,r.vr:rn

A Partial electron microprobe analyses of pumpellyite

Sample no

SiOz
CaO
AlzOa
FerOr (total !'e)
Range of FerOa

3 8 5  3 7 2
2 1 . 9  2 t  . 2
19 6  19 .1
1 J . 8  r 5  2
12 8- 13 5_
1 6 . 4  2 3  0
1 0  0 9
n d  O 2

3 7 . 3  3 8  4
2 2  4  2 0 . 9
19.2  20  9
15 7  10 .4
13.0-  8  3 -
t 7  0  1 1  8
1  3  1 . 2
0 3  0 4

3 8  7  3 8 . 4
2 1 . 4  2 1  4
2 1 1  2 1 3
1 0 2  1 0 5

7 7 -  8 5 -
1 2 6  1 2 3

1 4  1 3
0 4  0 3

3 7  4  3 7 . 1 8  3 8  0 9
2 1  3  2 3 . 0 8  2 2  9 6
18.2  23  50  23  5s
1 6 t  7 a d  q 6 d

13 2- nd nd
1 9 3
0 6  3 1 8  3 . 5 8
n d  n d  0 5 0

37 99
21. i2
24 89
6 . 3 d
nd

1 .  J 4

o 4 2

Meo
MnO

Number of ions on the Basis oi 28(O,OH,HzO)

- l

AI
Fe3+
Mg
Fe2+
Mn
L a

6 35  6-40
3 8 4  3 8 6
1 .  1 6  t . l 4
o 2 5  0 2 2
0  5 2  0 . 7 6
nd 0 .O2
3 90  3 .90

6  1 6  6 . 0 1
3  7 6  3 . 9 4
r . 2 4  1  0 6
0 3 3  0 2 8
0  6 1  0 . 1 6
0 . 0 4  0 . 0 6
4 0 0  3 5 2

6 . 1 6  6 . 1 5  6 . 4 2
4.05  4 .O9 3  68
0 . 9 5  0  9 1  1 . 3 2
0  3 3  0  3 1  0 . 1 7
0 . 2 7  0 3 4  0 7 9
0 0 6  0 0 4  n d
3  7 4  3  7 6  3 . 9 0

B. Pumpellyite cell data

Sample no

o ,  A r  8 .84
D ,  A r  s . sz

" ,  
A r  1g -2 r

dr ino 97 -s
rr (Ai) loool 1
Total Fe as FqOa 13.8

8 . 8 2
s 9 2

19.20
9 7 4

994+ |
10.2

8 . 8 2  8 . 8 1  8  8 1  8 . 8 1
5 . 9 2  5  8 9  5  8 9  5 . 9 0

1 9 . 1 8  i 9  1 2  1 9 . 1 2  1 9 . 1 1
9 7 . 4  9 7  4  9 7 . 4  9 7 . 4

992! t  984!  1  9861 1  985t  1
7 . 6  4 . 6  6 . 3  3 . 0

a From Coombs, 1953, p. 123
b From Seki, 1953, p. 242, \o. 6
c From Seki, 1953, p- 242, no. 7
d Total iron recalculated as Fe2oa
e Sample from Hicks Ranch, California (see Coombs, 1953)r  { to .oo t l
s  ( t 0 . 1 )
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survey district, Southland, New Zealand, the B index of refraction was

in the range of  1.70 to l .72 '  WhenB: I '72 is  p laced on a p lot  of  B versus

total iron (Coombs, 1953, p. 131) it indicates an iron value near those

obtained for pumpellyite from the Karmutsen Group' The iron-rich

pumpellyite fiom the Karmutsen Group suggests appreciable replace-

-".ri ot-(Al, Mg) by Fe3+, Fe2+'the replacement of Ca b,v (Na, K) is

negl ig ib le '  
PumDer.vr te

At2o3 t o t o L  F e  o s
t"rOa

Fro.2' MgO:AIzos:FeiO; (totai iron) variation diagram for pumpellyite from Japan

(Seki, 1958, 1961), Michigan (Coombs, 1953), California (Coombs, 1953), and this studv'

I  C o t r f o r n r o

; r  Thrs  s tudy
7  s p e c r m e n s
1 9 0  s p o t  o n o l . y s e s
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l'rc. 3. Plot of the wt. /s of Fe2O3 (total iron) versus the unit-cell volume for pumpeliyite,
from the Karmutsen Group.

can be obtained in this manner. rron was allotted to the Rr+ site until it
was filled, and the remaining iron was allotted to the R2+ site.

. The average analyses of the amygdaloidal pumpellyite samples fall
into two groups. The first group requires the addition of approximately
one ion of Fe3+ to the Al to fi l I the R3+ site (see table 2, .ros. t,2,4_6).
The second group requires approximately 1.3 ions of FeB+ to fill the R3+
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u n i t  c e t t  v o t u m c  i n  A  
J

lrc. 4 Plot of the wt. To of AlzOs versus the unit-cell volume for pumpellyite, from the

Karmutsen Group.

formation, then presumably the pgz+/Fe3+ ratios would have been

higher in amygdales in which chalcopyrite or magnetite, rather than

native copper, was forming. Seki (1961), on the basis of chemical and

optical data, has suggested the highest Fe3+/R3+ ratio of pumpellyite is

about 0.200, i.e., one Fe3+ per unit ceII.
Some of the pumpellyite samples from the Karmutsen Group have

compositions that agree with the findings of Seki (1961), but some of the

pumpellyite samples have more than one ion of ferric iron per unit cell.

It is apparent when examining the range of iron contents of the pumpel-

lyite analyses that ferric iron can exceed one ion per unit cell. In fact, in

Tesr-n 3. Clr-cur,erron or rre NuMsnn ol IoNs olq rnn Basrs ol 28 (O, OH, HrO)
'oRrr{Et*""Til;*T,";"^"ff 

?"r#T;;:;i'*'ANar'vsns

2 2

< 2 t
{
i 2 0

Si
AI
Fe3+

Mg
Fe2+

Mn
Ca

5 .94
2 .89
2 . r l
0 .20
0 .66
0 .02
3 .62

6 . 1 5
3 . 4 1
1 .59
0 . t 7
0 .80
nd

J .  / J
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two specimens (Table 2, nos. 2 and 7) the iron content ranges as high as
23.0 and 19.3 percent FerOa (total iron) and this is roughly equivalent to
2.0 and 1.5 ions of ferric iron per unit cell (Table 3). The lowest iron
content measured in pumpellyite from the Karmutsen Group is 7.7
percent FezOs. Therefore, in the low grade metavolcanic rocks in the
Buttle Lake area, pumpellyite, with respect to iron, has a wide com-
positional field.

Seki (1961) has noted that pumpellyite relatively rich in FeB+ may be
stable only when solid pressure is low. When rocks in which the Fe3+/Rr+
ratio is high are metamorphosed under high solid pressure conditions,
stilpnomelane, epidote, chlorite, or other minerals in which Feat can
easily replace R3+, would be formed instead of pumpellyite (Seki, 1961).

CrystallograpZl. Coombs (1953, p. 122) observed slight changes in Iattice
spacings of pumpellyite as Fe3+ replaces Al. In order to evaluate this
change in lattice spacings, the writer measured the unit-cell parameters
and unit-cell volume for two Karmutsen Group pumpellyite samples, and
for two Japanese samples kindly provided by Dr. Seki. From the litter-
ature (Coombs, 1953), the indexed spacings for the Calumet specimen
from Michigan and the Hicks Ranch specimen {rom california were
obtained. Chemical data were available for all samples used (Table 2).
Utilizing the (hkl) values suggested by Coombs (1953) the unit-cell
parameters and unit-cell volumes were determined for the six pumpel-
lyite samples (see Table 2). There is strong correlation between an
increase in unit-cell volume and an increase in total iron (Fig.3). A
corresponding correlation was found between an increase in unit-cell
volumes and a decrease in Al (Fig. a) I the correlation between unit-cell
volume and Mg content is very poor. This indicates that the amount of
Fe3+ in the pumpellyite is the major determinant of unit-cell volume.
The same correlation has been made between iron content and optical
properties (Coombs, 1953 and Seiki, 1961).
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