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ABSTRACT

Chemical analyses of twenty coexisting pyroxenes, hornblendes, biotites, and ilmenites

have been macle from the Guadaiupe igneous complex-a differentiated gabbroic intrusion

rvhich crystallized under a relatively high /u,o. 
'Ihe difierentiates are similar in mineralogy

and bulk chemical composition to the common calc-alkaline plutonic suite of orogenic

regrons.
Special attention has been devoted to the coexisting Ca rich clinopyroxene and ortho-

pyroxene rvhich characterize the early gabbroic differentiates. These pyroxenes have ex-

treme, and very uniform, contents of Ca, and this fact, together with comparisons of their

Mg-Fe partition s'ith pyroxenes from other types of rocks, suggest those from the Guacla-

lupe cr1'slalli2gd at reiatively' low temperatures, such that the liquidus rvas depressed far

dorvn on the pyroxene solvus. Crystallization of pigeonite (Ca-poor clinopyroxene) was pre-

cluded under these conditions This trend of pyroxene crystallizrtion, the first of its kind to

be established, is considerably difierent from the Skaergaard trend and is closely similar to

variations found in pyroxenes from granulite-facies metamorphic rocks.

Hornblende appears as a primary phase early in the difierentiation sequence and biotite

appears in the more l-e-rich gabbroic rocks. with decreasing temperature, and possibly

increasing/H"o, hornblencle ancl biotite take the place of pyroxenes in the intermediate dif-

Ierentiates, diorite and quartz monzonite Riotite is the sole ferromagnesian silicate in the

late silicic differentiates, granite ancl granophyre. Hornblende and biotite from successive

clifferentiates show enrichment in Fe relative to Mg, but variations in concentrations of el-

ements are not nearly as regular as the variations in pyroxenes, possibly because of the range

in rock types represented.

Coexisting orthopyroxene, clinopyroxene, hornblende, and biotite, in that order, have

decreasing concentrations of Fe2+ and Mn but increasing A1 and Ti.

The dominant oxide phase in gabbroic rocks is ilmenite, whereas intergrowths of magne-

tite-ilmenite occur in more silicic differentiates Pyrite and pyrrhotite appear sparingly in

theear l iestgabbroicrocks Thei lmeni tescontainonlyaboutsevenatomicpercenthemat iLe

in solid solution, indicating./0, was about 10-r0 to 10-13 bars at crystallization temperatures

(inferrecl to be approximately 1100'to 900'c) and remained at values lorv enough during

cooling to prevent extensive oxidation. The/0, is only slightly lower than that inferred for

the crystallizing Skaergaarcl magma' Utilizing simplif)'ing assumptions, it is shou'n that the

Guadalupe magma, though having a relatively high./sre, coulcl have maintained 2le11'/6, if

other "volatiles," such as S:, SOr, COr, etc., were present.

High/H.s and early crystallization of hornblende play an important role in the clevelop-
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ment of the calc-alkaline trend from basaltic magmas. Relatively high/o, is not a necessary
accompanying factor. fn fact, high /0, alone cannot produce the characteristic hydrous
ferromagnesian silicates of this trencl. It has yet to be demonstrated whether relatively high
/o, is a pertinent factor in the evolution of natural magmatic sequences.

INrnooucrroN

Many studies of pyroxenes from mafic intrusive rocks have been made
over the past fifteen years in an effort to establish compositional trends
relative to magma type. Thus Murray (1954), Wilkinson (1956), and
Boesen (1964) have demonstrated that in alkalic basaltic magmas only
one pyroxene crystallizes, it being a very calcic clinopyroxene with little
Fe-enrichment, lacking exsolution lamellae, and commonly showing
marginal compositional zoning, Py'roxenes from the more common,
usually tholeiitic, magma types have been investigated by Hess (1949),
Brown (1957), Brown and Vincent (1963), Carmichael (1960), and Mc-
Dougall (1961). In such intrusive magmas, two pyroxenes, a Ca-rich
clinopyroxene and a Ca-poor phase, both exhibiting exsolution lamellae,
crystallize together in the early and middle stages of differentiation. In
the latter more Fe-rich stages, only a Ca-rich phase crystall izes. The Ca-
poor pyroxene is an orthopyroxene in the early stages of differentiation
but in the middle stages a monoclinic pigeonite crystallizes, which may
subsequently invert to orthopyroxene.

During an investigation of the Guadalupe igneous complex in the west-
ern Sierra Nevada foothills (Best, 1963) petrographic examination of the
pyroxenes in the gabbroic differentiates disclosed unusual compositional
features. The magma from which the complex formed crystallized at rela-
tively high water fugacities, /n,o, indicated by the abundance of horn-
blende and biotite in the more Fe-rich gabbroic rocks and the presence of
these phases to the exclusion of pyroxenes in the more silicic differentiates.

Nineteen new chemical analyses are presented in this paper, defining
(1) a new trend of pyroxene crystallization in "wet" mafic magmas which
are undergoing differentiation, (2) the nature of Fe-Mg-Ti phases in dif-
ferentiates of such a magma, (3) the partit ion of elements between the
cr,vstallizing phases, and (a) the/u,o andfo, at which crystallization oc-
curred. From the data, inferences are made on the evolution of the calc-
alkaline plutonic suite in general, of which the Guadalupe seems to be an
example.

Collection sites of samples from which minerals were separated and
analyzed (see Table 1) are shown in Figure 1.

Frpr,l Rer,arroNs AND PBrnocnapuv

The Guadalupe complex is a late Jurassic, mesozonal, partially con-
cordant intrusion of about sixty square miles areal extent surrounded bv
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massive to strongly foliated metasedimentary and metavolcanic rocks of

the greenschist facies. Contact metamorphism accompanying crystail iza-
tion of the complex extends as much as a mile outward from the exposed
contact adjacent to micaceous rocks; mineral assemblages near the con-
tact indicate recrystall ization under conditions of high water pressure,

transitional between the hornblende hornfels and the almandine-amphib-

T,tsl.n 1. Pntnocnelnv or Rocxs lnou Wrrcn MtNnnets

wBnr Srp,q,n,q.tno Lr.to Aner,vzno

r.54

Rock type

Grain size (average in mm)

Mode6

plagioclase

clinopyroxene

of[nopyroxen€

ilmenite

magnetite

pyrite

pyrrhot i te

hornblende

biot i te

quartz

K-{eldsper

other

/6 An in plagioclase

Gabbroic rocks
Quaftz
mcDzo-

nite

Granite

3

6 9 . 8
2 6 . 5 2
2 e
0 5 3
0 0
0 .  t 3
0 .  1 3
0 0
0 0
0 0
0 0
0 4

71 82

.56
282

32
22

trace
0
0

1 1 2
0
0
0
t)

12 62
1 . 5 2
1 . 7 2
0 0
0 . 0
0 0

10 82
4 8 2
5 8
7 . 6

< 0  1

o . ) . 5

r  8 . 6 '
1 0
5 5
0 0
0 0
0 0
3 6
3 3
2 5
0 0

< 0 .  I

0 5

28
0
0

I
i  rrace

0
0
42
12

2 4
404

0

16
0
0

< 1

0
0
0
32

3 2
485

< l

5 7
272
42
42
0
0
0
82
0
0
0

52-58 4.5 57 2 3  5 2 28,55 1 3  2 4

1 140 was col lected from the same outcrop as 101,132 as 10.5, and 153 as 113, In each case the rock with the

smaller number is described, together with samples 83 and 106, in the earlier paper (Best, 1963) Analyses of

rocks 101, 113, and 83 are presented therein. Modes listed are for the earlier, analyzed rock samples

r Minerals chemically analyzed and referred to in Tables 3 through 9, where they are identified by the

appropriate rock number with a suffx added: o for orthopyroxene, c for clinopyro-tene, h for hornblende, b for

biotite, and i for ilmenite.
3 Proportion of types of opaque minerals visually estimated; total opaque mode determined by point

counter.
a Perthitic microcline
5 Perthite.
6 Volume percent based on approximately 1500 points.

olite facies. Rock types in the complex range from troctolite to grano-
phyre. Gabbroic rocks, encompassing (mainly for convenience of discus-
sion) rocks consisting of pyroxene and plagioclase with variable, and

sometimes substantial, proportions of olivine, hornblende, and biotite

are exposed in the southwest portion of the complex. A small central por-

tion of the complex is underlain by diorite, and to the east is an arcuate

area of agmatite. Small hills in the region of diorite are capped by quartz

monzonite;more voluminous quantit ies of sil icic rock occur as the matrix

63
1 6
11.2
7
0
0
0
2
0
0
0
I
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of the agmatitel and as a granite and granophyric granite sheet overlying
the agmatite. Most boundaries between these recognized rock types are
gradational. The complex appears, from several l ines of evidence (Best,
1963, p. 245-250), to have developed essentially, in its broader aspects,
by difierentiation of a mass of basaltic magma, coilapse and fragmenta-

3 7 0  3 0 '

i+o \

[E
E
l"i -.' :.1
| | ,  t  t l

N
[]

lrc 1. Generalized geologic map of the Guadalupe igneous complex, located astride
Highway 140 between Merced and Mariposa in the Sierra Nevada foothills, California.
Rock samples from lvhich constituent minerals were analyzed were collected at the num-
bered localities.

tion of the roof into the residual silicic magma (forming agmatite) and
accumulation of granite in the upper portions of the original chamber. In
detail, however, there may have been modifications or additions to the
main magma during differentiation because of, for example, changes in
the cryptic variation in gabbroic rocks (Best, 1963, p. 237) and the rather
abrupt transition from diorite to qtartz monzonite in the central part of

I Blocks of mafic rock in leucocratic matrix.
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the complex. Cryptic mineral variations are less pronounced in the middle
gabbros than in gabbroic rocks to the west and to the east.

Many of the structures observed in the Guadalupe gabbroic rocks are

similar to those described and il lustrated by Miller (1938). Along the east-

ern part of the gabbroic area, and locally elsewhere, features akin to

those in his Plate 2 have been found, together with small subtle Ienticular

Iayers whose definit ion, as Miller notes for the San Marcos gabbro, is

mainl1' produced by variations in texture and grain-size. Large scale and

seemingly more continuous layering characterize the gabbroic mass as a

whole; these layers, a few feet to several tens of feet wide, and apparently

concordant to the steep western contact of the complex, are displayed as
iong belts of exposed rock, with only subtle variations in texture, mode,

and grain-size evident between belts. Local nodular-structured gabbroic

rock is related to the presence of large (up to several centimeters in di-

ameter) poikil i t ic hornblende grains. Just below sample locality 132 in

Bear Creek is a zone about 200 feet wide and parallel to the layering on

either side, consisting of lenses of hornblende-rich melanocratic, f ine-
grained gabbroic rock enclosed in more leucocratic and coarser-grained,
hornblende-free gabbro. Igneous lamination is strongly developed in the
coarse gabbroic rocks along the western margin of the complex, but else-

rvhere only iocally and to lesser degrees.
The brief observations of structures in the Guadalupe gabbroic rocks

(see also descriptions in Best, 19631) might be explained bylocal, intermit-

tent movement of magma bringing together crlstal mushes of differing
grain-size and mode coupled with more quiescent cr1''stallization. The

zone of auto-injection exposed in Bear Creek may reflect a major distur-

bance along the walls of the magma chamberl f ine, hornblende-rich por-

tions at the top were transferred to lower depths of the chamber and there

included in less hydrous magma. Alternatively, this zone and coincident

discontinuities in cryptic mineral variations may reflect a new influx of
magma, which mixed with the residual magma already present, and in so

doing disturbed the previously accumulated crystal mush along the walls

of the magma chamber. Similar but better evidence for multiple influx of

magma in a differentiating intrusion is presented b1' Deer and Abbott
(1965) for a gabbroic complex in east Greenland.

Petrographic notes on the principal rock types can be found in the

earlier paper (Best, 1963). In order to convey an idea of the petrography

of the rocks from which mineral analyses were made, some pertinent data

l Paleomagnetic data obtained by S. Gromm6 are compatible with interpreted struc-

tural relations stated in Best (1963). The data are to be published soon in the -I. oJ Geophys.

Res.
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are quoted in Table 1, and photomicrographs are shown as Figures 2 to 6.
Note that, although the early Fe-poor and the late Fe-rich gabbroic rocks
have typical igneous textures, the middle gabbros (represented by 128
and 132) do not. P'roxenes and the hornblendes molded around thern or
occurring independently are anhedral to subhedral; plagioclase grains are
anhedral and show less complex twinning and less pronounced zoning

Frc. 2. Sample 140. Plagioclase, clinopyroxene, and orthopyroxene.

than do the more typically igneous appearing grabbroic rocks which
crystall ized before and after. In fact, the textures of many middle gab-
bros are strongly reminiscent of those found in hornblende-two pyrox-
ene granulites, such as from Broken Hil l, Australia (see Binns, 1964).
The possibil i ty exists, then, of autometamorphism of the middle gabbros,
perhaps facil i tated by slow cooling in the presence of an intergranular
aqueous phase.

Additional comment on the opaque minerais in the Guadalupe rocks
is in order here because of the meager information given in the earrier
paper. The Fe-poor gabbroic rocks, such as 140, exposed within a mile
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of the western contact of the complex contain pyrrhotite and pyrite' either

as independent anhedra or together in composite grains lacking any

planar faces. I lmenite occurs very sparingly along margins of sil icate

grains. Local specks and patches of i lmenite and minor magnetite within

olivines and pyroxenes seem related to post-crystallization exsolution'

The middle gabbroic rocks, represented by 128 and 132, contain i lmenite

Frc. 3. Sample 128. Plagioclase, clinopyroxene, orthopyroxene,

hornblende. and local apatite and ilmenite'

as the dominant opaque mineral. The grains are equant to elongate, some

consisting of more than one crystal, and seem randomly distributed

throughout the rock. It appears as though they precipitated from the

magma simultaneously with the sil icates. Magnetite with lamellae of

i lmenite is Iocally conspicuous in many samples (S. Gromm6, personal

communication, 1966). I lmenite is the sole opaque phase in 153, typify-

ing the Fe-rich gabbros, and occurs as very irregularly shaped grains,

only a few of which approximate a platl' or skeletal outline. In quartz

monzonite 154, numerous small grains of i lmenite occur together with less

common aggregated clusters of larger i lmenite and magnetite. Triangular-
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textured (111) lamellae of i lmenite locall l '  border the magnetite. The
clusters are reminiscent of the clustered oxides shown b-v Vincent and
Phil l ips (1954, Plate IA) in Skaergaard gabbros. The oxide mineral in
granite 148 is magnetite with coarse lamellae of i lmenite.

In summarizing the observations on opaque minerals in the Guadalupe
rocks it is worthwhile to emphasize that the sulfides only occur in the

Frc 4. Sample 132. Plagioclase, hornblende, clinopyroxene, orthopyroxene, and ilmenite.

early gabbroic rocks. In the Skaergaard intrusion, by comparison, Cu-
sulfides fi.rst appear in the main body of Iayered gabbro; pyrrhotite,
pyrite, and minor chalcopyrite occur in the late Fe-, Si-rich differentiates
(Wager,  et  a l ,  1957).

Thorough studies of Fe-Ti oxides in igneous rock suites similar to the
Guadalupe complex are seriously needed.

PnBp,c.nlrroN oF SAMPLES

Rock samples were crushed, sized, washed free of very fine particles,

and run repeatedly through a magnetic separator and heavy l iquids
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(methylene iodide and Clerici 's solution) to obtain the desired concen-
trate. In addition, the p1'roxene concentrates from rocks 128 and 153
were washed for f ifteen minutes in warm, moderately concentrated HCI
in an attempt to remove partial f i lms of yellow-brown ferric oxide adher-
ing to the grains. This procedure was successful with 128 but only partly
so wi th 153.

Frc. 5. Sample 153. Plagioclase, interstitial microcline, and quartz constitute light
areas. Analyzed minerals are orthopyroxene, clinopyroxene) many of which are partially
coated by ferric oxide and mantled by hornblende, and biotite, commonly jacketing ilmenite.

Most concentrates are better than 99 percent pure. Pyroxenes from
rock 140 may contain as much as 2 percent hematite but close determina-
tion of its abundance is diff icult because of a platy habit. Init ially, there
was some concern as to whether these extraneous Fe-oxide impurit ies in
plrroxenes would significantly affect the Fe3+ determination, but the fact
that the analyses of contaminated p)'roxenes are in l ine with those of
"pure" p)'roxenes from 128 eliminates this possibil i t-v.

It was impossible to make a pure concentrate of the hornblende and
the biotite from rock 15i[, owing to an overlap in densities and magnetic
susceptibil i t ies. The analyzed concentrate of hornblende contained, by

a:;
ri.::
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modal grain analysis, 6 percent of brown biotite. The biotite concentrate
contained 6 percent hornblende; slight differences in pleochroism between
biotite grains is obvior.rs in an oil mount, about l-hree-fourths are brown
and the remainder greenish brown.

Frc. 6. Sample 148. Turbid perthite and clear quartz occur with ragged biotite grains.

PvnoxpNns

Chemistry oJ Pyroxenes. Chemical analyses of ten pyroxenes, nine of which
are new, are set out in Table 2. In Table 3 the analyses are recast into
numbers of cations on the basis of 6 oxygen, following method (2) of
Bown (1964). The formula for pyroxenes which these numbers may be
referred to is (Hess, 1949)

W1-p(X, Y)r+pZ2O6

where W is Ca,* Na, K,; X is Mg, Fe2+, Mn, Ni, Li; Y is Al, Fe3+, Cr,
Ti; Z is Si, AI.

* To be consistent all ions should be identified by their valency, e.g., Caz+ t however, for

ease in typography only those ions with variable valence'will be so identified. Where the

valence of Fe is not indicated it is intended to mean the sum of Fe2++Fe2+.
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T,\sr-n 2. CnEurcar- AN,s,Lvsrs op PvnoxrNrs IRoM TrrE

Gueoer-upe Ioxnous Couprnx

1,10o 140c t280 I  53c 8Jc1

5 1 . 2 0  |  n . d .
O 2 7  |  n d
0 80  |  n .d ,

r 5 8 l  2 2 7
1 4 8 1  |  1 3 e 7
0  3 6  n d

1 0  2 7  |  1 0 . 5 7
20 . r7  |  18  86

l 3 2 c 1 5 3 0

4 9  . 2 7
0 . 4 3
0 . 9 4

10602

SiOz
TiOz
AlzOs

FesO3

53 .64
o . 4 2
1 . 4 7

52  32
0 5 9
1 . 9 7

52.77
0 3 3
t -12

3 3 7
19 92
0 . 5 2

2 1  . 0 6
1 . 1 5
0 . 0 4
o . o 2

5 2 . 5 1
0 . 3 7
2 . 1 1

1 0 9
7 9 7
0 2 0

14 23
2 1  5 8
o 2 8
0 0 4

5 1 . 8 1
0 4 0
1  . 2 6

4  1 1
2 t  2 0
0 6,r

19  39
r 2 8
0 0 6
0 . 0 4

52 03
0 3 4
2 . t 5

50 00
0 4 9
o 4 7

FeO

MnO

3 . 3 9
t 4  5 2
0 .  4 0

2 1 . 7 2
1 . 6 2
0 . 0 3
o . o 2

0 8 2
6 . 7 4
o 1 7

1 6 9
8 . 4 8
o 2 6

3 5 3
3 1 . 4 3
0 8 7

0 5 6
33 83
0 8 4

Mgo

CaO

NaO

KrO

13 6S
2 1 . 2 3
0 3 3
o 0 2

t 2  4 3
1 3 8
0 0 4
0 0 4

1 1  5 l

o 2 0
0 0 5

9 9 . 6 9Total 1 0 0 . 3 6

r The original partial analysis of clinopyroxene 83 shown in Best (1963, Table 2) is erroneous because of

orthopyroxene contaminant in the concentrate. A new concentrate was prepared and analyzed, for CaO and

MgO, by E L P. Mercy.
: Analysis originally quoted in Best (1963, Table 2); includes 0.49 HzO+ and 0 19 HrO .

TasLE 3. Nuurrn oF IoNs rN PyRoxENES oN THE

Besrs ol 6 OxvcnN Arous

140o 140c 1280 128c l32o l32c 1530 l53c

Si
AI

AI
Ti
Fe3+
Fe2+

Mn
Mg
Ca
1\a

K

Z

I  .945
0 . 0 5 5

0.008
0 - 0 1 2
o o92
0 440

1 935
0 065

0.020
0  0 1 6
0 023
0 . 2 0 8

1 960
0 040

0.009
0 009
0 094
0 . 6 1 9

I 945
0 055

0 037
0  0 1 0
0.030
0 . 2 4 7

1 .946
0 054

0 002
0  0 1 1
0  1 1 6
0 666

1 938
o 062

o 032
0 010
0 047
0 . 2 6 4

1 . 9 6 7
0 033

0 003
0 008
0 046
0 . 4 i 6

1 . 9 9 8
0 002

0 020
0  0 1 7
0  0 1 7
1 .129

0 029
0 686
0 074
0 . 0 1 4
0 002

2 000
I  .988

3 5 4
6 0 8

3 8

2 000
1 966

6 8 .  8
28.O
3 . 2

0 029
0 . 7 3 2
0 _ 0 5 8
0 003
0 002

3 1  9
2 7 2
4 0 9

wxY

Mg
>Fe
Ca

(>Fe*Mn)

EFe*Mn*

0 . 0 0 5 1  0 0 l o l  0 0 0 6 1  0 0 2 0 1  0 0 0 8
0 8 o 8 1  l 1 6 5 l  0 7 8 5  l 0 8 o l  0 . ; b 0
0 . 8 4 2 1  0 . 0 4 6 1  0 8 5 6 1  0 . 0 s 2 1  0 . 8 4 7
0 . 0 2 2 1  0 . 0 0 3 1  0 0 2 0 1  0 0 0 5 1  0 0 2 4
0 0 0 2 1  0 0 0 r 1  0 0 0 2 1  0 . 0 0 2 1  0 0 0 1

2 0 0 0 1  2 0 0 0 1  2 . 0 0 0  2 0 0 0 1  2 0 0 0
2 . 0 0 6 1  r r ) 6 2 1  l q q S l  l . q 6 0 l  l o q J

4 4 . o  l o 0 0  1 4 0 8  1 5 6 . 0  l J q 4
1 2 1  l 3 7 o  1 t i  1 4 1 3  1 1 6 6
4 J J  |  2 4  4 4 s  |  2 7  1 4 4 . 0

2 r .4  |  38 .5  |  26 .5  |  42 . s  |  2a  6

0 012
0 588
0 839
0 024
0 00.3

2 000
1 999

3 0 0
2 7 2
4 2 8

t 0.010 included in Z and 0.003 in Y.

6 1  . 6
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The principal variation in the composition of clinopyroxenes is substi-
tution of Fe2+ for Mg; the content of the other major cation, Ca, remain-
ing very uniform throughout the sequence. Among minor constituents,
Fe3+ is about twice as abundant in the Fe-rich clinopyroxene as in the
Mg-rich. Ti appears to be more enriched in the high temperature (more
rnagnesian) pyroxenes, as suggested by Verhoogen (1962a, p.217).

Le Bas (1962) has characterized clinopyroxenes from various rock
types with regard to SiOr us Al:Oa in weight percent and to Al in Z vs
TiO, weight percent. On these two bases the Guadalupe pyroxenes fall
well within the fields for nonaikaline rocks (1.e. tholeiit ic, high-alumina,
and calc-alkaline). Further demonstration of the magma type from which
these clinopyroxenes were derived is seen in their normative composi-
tions. All contain h1'persthene ; 140, I28, and 132 have 4 to 1 percent oli-
vine whereas 153 has a trace ol quartz.

In the orthopl'roxenes the principal variation is again in the substitu-
tion of Fe2+ for Mg. Comparison of the orthopyroxene analyses with those
listed in, for example, Deer, et al (1962, vol. 2, Table 2), discloses nothing
rLnusual, except that Fe3+ is uniformly higher in the Guadalupe ortho-
pyroxenes. Normative calculations show 3 to 4 percent quartz in the
analyses.

Although the partit ion of elements between coexisting crystall ine
phases wil l be considered briefly in a later section, it is worthwhile at this
point to comment on the way in which the major cations Ca, Mg, and
Fe2+ are distributed between the two pyroxenes, Figure 7 and 8, for this
has a direct bearing on the crystallization of these particular pyroxenes
from the Guadalupe magma. (Only meager information, mostly optical,
is available on pyroxenes from petrographically similar calc-alkaline rock
suites, but there is a sr.rggestion that the partit ion in the Guadalupe and
these suites are one and the same (Fig.7). More data is desirable to
prove this assumption.) The Guadalupe pyroxenes are compared with
available data on igneous and metamorphic pairs in terms of Ca parti-
t ion, Figure 8, and Fe2+-Mg partit ion, Figure 9. On both grounds, the
Guadalupe p)rroxenes are more similar to pyroxenes from high-grade
regional metamorphic rocks than to p)rroxenes from tholeiit ic magmas
crystall ized at low/H,o. The extreme values of Ca in the Guadalupe and
metamorphic pyroxenes are especially noteworthy. That both Ca and
Fe2+-Mg partit ion vaiues serve as characterizing parameters for dif ierent
pyroxene suites has been pointed out by Bartholom6 (1962). Thus when
the atomic percent Ca, relative to Ca*Mg*Fe, in clinopyroxene)45,
then the distribution constant, Kp, lor I 'e2+-Mg in the coexisting pyrox-
enes is  )  1 .6.  \Vhen Ca(45,  Kn 1t .6.
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Frc. 7. Compositions of pyroxenes from the Guadalupe intrusion and other calc-

alkaline plutonic suites. A1l the Ca-poor pyroxenes are orthorhombic and apparently most

are not inverted pigeonite. The dotted enclosure at the top of the quadrilateral represents

the variation in composition, based on optical measurements, of augites from the Southern

California batholith (Larsen and Draisen, 1950). Data on pyroxenes in the Garabal Hill-

Glen Fyne complex is from Nockolds and Mitchell (1948), on pyroxenes in the monzonitic

Adamant Mountain (British Columbia) pluton from Fox (1965), and on pyroxenes in the

zoned diorite-granite Bucks Lake pluton in the northern Sierra Nevada from Turner

(unpublished).

I  \ , u C or

Mq
otomic  %

Fei t+Fd3+Mn

Frc. 8. Comparison of some trends of compositional variation in pyroxenes from dif-

ferent magmatic sequences and a metamorphic facies, rvith the calc-alkaline trend, exempli-

fied by the Guadalupe pyroxenes (solid circles). The lines represent pyroxenes from the

Black Jack sill, I, the Garbh Eilean sill, II, British ancl Icelandic Tertiary acid glasses,

III, the Skaergaard intrusion, IV, (alt from Deer et oI., 1963, vol. 2, Fig. 37) and from

charnockites and associated granulites, V (Subramaniam, 1962).
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Iirc. 9. Fe+z-Mg distribution diagram for coexisting clinopyroxene-orthopyroxene
pairs Solid circles represent Guadatupe pyroxenes Two distribution curves are drawn:
Ko:778 is the best fit for pyroxene pairs from high-grade regional metamorphic rocks
(Binns, 1962, Fig. 6); Kn:1.37 is the curve for igneous pyroxenes (data presented in
logarithmic form in Bartholom6 (1962, Fig 6) and in inverted form in Kretz (1963, Fig. 1).
6rr: (Fe,+/Mg) ortho / (Fez+ /Mg) clino.

Ersol,ution Efects in Pyroxenes. Salient textural features of exsolution
lamellae in Guadalupe pyroxenes are summarized in Table 4 (see aiso
Best ,  1963,  p.233) .  I t  seems safe to assume that  the (100)  lamel lae in
orthopyroxene are augite, which is the conclusion of Hess (1960, p. 30),
and Bown and Ga1- (1959, i960). The nature of the lamellae in augites is
less certain, however. Conventionally it has been thought (see for ex-
ample Hess, 1960, p. 35) that clinopyroxenes more Fe-rich than about
Fsls exsolve (001) lamellae of pigeonite and then with further cooling of
the p1'roxene below the orthopyroxene-pigeonite inversion, these lamel-

o
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lae may invert to orthopl.roxene with exsolution of (100) Iamellae of Ca-
rich pyroxene. Such second-order lamellae were described by Poldervaart
and Hess (1951) and were presumed to have been found in a Guadalupe
augite (Best, 1963, Fig. 4 and p. 235). However the anomaly in the Gua-
dalupe pyroxenes is that, whereas in most instances the accompanying
independently crystall izing Ca-poor pyroxene is pigeonite (which may
subsequentlf invert to orthopl'roxene), the coexisting p_vroxene is
orthopyroxene, rvith no evidence that it was at any time a pigeonitic
pyroxene.

Other cases of anomalous exsolution in pyroxenes occur in the Morn-
ington complex, New South Wales, from which Binns (1965, personal
communication) reports pyroxenes similar to those in the Guadalupe, and
in the Skaergaard intrusion, from which Bown and Gay (1960, p. 387)
describe instances of pigeonite lamellae in augite coexisting with ortho-
pyroxene, either primarv or inverted from pigeonite. Bown and Gay
(1960) suggest sluggish reaction rates prohibit inversion of pigeonite
lamellae in augite, the similarity in structure of these two phases being a
contributing factor.

Recently, Binns al al (1963) found that clinopyroxene lamellae in two
augites examined by an electron microprobe are members of the clino-
enstatite-clinoferrosil i te series. Some of the clinopyroxene in the lamellae
is twinned, presumably on (100) (Binns, 1965, personal communication).
Single crystal X-ray photographs of 106c disclosed the presence of mono-
clinic lamellae and the included second-order lamellae previously reported
(Best, 1963) could actually be twinning, although the angular relations
for the (100) law do not seem correct. Attempts with an electron micro-
probe to resolve Ca-contents of host and lamellae pyroxenes from the
Guadalupe were unsuccessful because of their narrow width.

The discovery of Binns et al (1963) raises the important question as to
how many presumed pigeonite lamellae are actually clinohypersthene. The
existence of clinohypersthene as lamellae in augite would seem to simplify
some aspects of exsolution phenomenon, particularly the compositional
complexities of inversion of pigeonite lamellae to the less calcic ortho-
pyroxene and the manner in which the Ca-content of these lamellae re-
late to the coexisting Ca-poor pyroxene phase. Unfortunately, the phase
and polymorphic relations in Ca-poor magnesian pyroxenes are at present
in a state of uncertainty, and considerably more definit ive experimentai
work and complimentarl' analytic and crystallographic studies of natural
pyroxenes are necessary before exsolution phenomenon wil l be under-
stood.

The large difference between Ca-contents of the Guadaiupe orthopyrox-
enes and clinopyroxenes might reflect granule exsolution of a subcalcic

+.) I
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augite at relatively low temperatures (approaching, perhaps, metamor-
phic temperatures) where the pyroxene solvus is close to the Di-Hd and
En-Fs joins (J. NI. Moore, personal communication, 1964). "Granule
exsolution has been for.rnd in bornite-chalcopl'r ite solid solutions (Brett,
1962) and hypothesized in Fe Ti oxide solutions (Vincent and Phil i ips,
1954; Buddington and Lindsley, 1964) and kalsil i te-nepheline solutions
(Sahama, 1960). It might then be expected to occur in pyroxene solid

l'rc. 10. Textural relations of some pyroxenes from Fe-rich gabbroic rocks (153 top

and 83 bottom) Stippted pattern is clinopyroxene and plain is orthopyroxene, some parts

of which have a mosaic texture (denoted by dashed lines) defined by slightly differing

optical orientations. The larger grains are approximately one mm long.

solutions under favorable conditions, where the pyroxenes have cooled
slowly for a prolonged period after crystall ization. Pyroxenes in 140, 138
and 132 occur as independent grains, and this fact probably eliminates
the possibil i ty of granule exsolution. However in 153 and 83, aggregated,
clino- and orthopyroxenes are present and examination of them with a
universal-stage disclosed that several aggregates (see Fig. 10) have a
special crystallographic orientation wherein I/ orthopyroxene is 5" to 15o
from X clinopyroxene. Poldervaart and Hess (1951) indicate these axes
are coincident in lameliar exsolution. In some experimental work on un-
mixing of pigeonitic pyroxenes in basaltic melts at atmospheric pressure,
I have observed identical crystailographic relations between the unmixed
clino- and orthopryoxene phases as found in i53 and 83. The textures in
the fine (about 0.3 mm) pyroxenes of 83 are especially reminiscent of the
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synthetic pyroxenes. The observed composite grains in 153 and 83 possi-
bly crystall ized as a phase close to pigeonite in composition, judging from
the larger proportion of orthopyroxene relative to clinopyroxene. The
aggregated grains are slightly randomized, but as McDougall (1961, p.
682) notes, " . . . A single pigeonite crystal, on inversion, has given rise to
two or more areas of orthopyroxene which have different orientations."

In 83 virtually all orthopyroxene occurs intimately with clinopyroxene,
and in the absence of independent and undoubted primary grains it ap-
pears probable that orthopyroxene resulted only through unmixing of
primary pigeonitic pyroxene. Many grains of clinopyroxene occur with-
out attached orthopyroxene and thus are considered primary. In 153
there appear to be primary independent orthopy'roxenes and clinopyrox-
enes, as well as the aggregated clusters.

Crystallization of the Pyroxenes. Considerable attention has been given
to the trends of crystallization of plutonic pyroxenes, and for recent sum-
maries and reviews of the l iterature one can refer to Deer el, al (1962,voL
2, p. 125), Brown and Vincent (1963), or Boyd and Schairer (196a).
Special note should be made of the course of crystallization of the Guada-
Iupe pyroxenes, however, because of the following: (1) the Guadalupe
Ca-poor pyroxenes are orthopyroxenes throughout the entire sequence of
gabbroic rocks. Although pigeonite has always been reported as the
pyroxene more Fe-rich than about Fs3s in differentiated bodies, there is
no firm evidence for its former presence in the Guadalupe, except possi-
bly for the most Fe-rich gabbros (e.g. 83 and 153) where Ca-poor py-
roxene is Fs6s. (2) Ca-rich clinopyroxenes show only a small variation
in CaO, about 1.2 weight percent (excluding the anomalously textured
(83). (3) The partit ion of Ca, Mg, and Fe2+ between the coexisting clino-
and orthopyroxenes appears, on the basis of meager data, to be similar
to that in other calc-alkaline plutonic suites. Essentially the same parti-
tion is found in high-grade regional metamorphic rocks. The Ca-rich
Guadaiupe p)'roxenes show a trend comparable to those in differentiated
alkali gabbros lacking an associated Ca-poor pyroxene. (4) Abundant
hydrous minerals occur in even the early gabbroic differentiates of the
Guadalupe.

These facts suggest the course of pyroxene crystallization in the
Guadalupe gabbros was conditioned by relatively high water fugacities
and low temperatures close to those prevail ing during high-grade re-
gional metamorphism. If the suspected autometamorphism in the middle
gabbros actually occurred, then those constituent pyroxenes were condi-
tioned in their distribution of Mg, Fe, and Ca by metamorphic condi-
tions. However, the more Fe-rich and Fe-poor gabbroic rocks have more
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typical igneous textures but their constituent pyroxenes also show essen-
tially the same distributions of major ions.

Deer and Abbott (1965) have described Ca-rich clinopyroxenes from
a differentiated gabbroic intrusion in east Greenland. The Ca-contents
are high, similar to the Guadalupe, and this property, together with a
Iimited Fe-enrichment, is attributed to higher water-vapor pressures,
inasmuch as intercumulate chlorite, amphibole, and epidote are common
in the gabbros. Interestingly, practically no Ca-poor pyroxene occurs
in these rocks.

The limited Fe-enrichment in Ca-rich clinopyroxenes from hydrous
differentiated mafic intrusions is related mainly to the fact that such
magmas Ieave the field of stable pyroxene when only moderately en-
riched in Fe, hornblende and biotite then taking over completely as
ferromagnesian sil icates. No marked change in partit ion of Fe between
liquid and pyroxene likely occurs, except for that occasioned by the
induced depression of crystallization temperatures. The Ca-rich clino-
pyroxenes in the Garabal Hill-Glen Fyne complex, a Caledonian
calc-alkaline plutonic suite (Nockolds and Mitchell, 1948), shoin. on the
basis of optical properties, that this hydrous magma also ceased to
crystall ize pyroxenes at about the same Fe/Mg ratio as did the Guada-
lupe.

The details of crystallization of the Guadalupe pyroxenes can best be
understood by referring to the hypothetical equilibrium diagrams for
pyroxenes presented by Muir (195a; also reproduced in Deer et al, t962,
vol .2,  F ig.38)  and to F igure 11.  F igure 11(a)  and (b)  areTX sect ions
through the T-Di-En-Fs-Hd prism containing the analyzed Guadalupe
pyroxene pairs 128 to 153, respectively. Schematic partial isothermal
sections corresponding to (a) and (b) are shown as (c) and (d), respec-
tively (compare with Roedder (1965) and Yoder et al (196\).

Figure 11(a) and (c), uti l izing the pair 128, are assumed toberepre-
sentative of the general phase relations during crystall ization of the Mg-
rich and middle gabbros,r or 140, 128, and 132; (b) and (d) represent
pyroxene relations in the Fe-rich gabbros, or 83 and 153. In Figure 11(a),
the dashed lines depict the usual phase relations in a basaltic magma
which is crystall izing "dry" or under low/n,o (after Muir, 1954). The
primary pyroxenes precipitating from the magma are augite and pigeon-
ite; at a somewhat lower temperature on the flat top of the solvus, the
pigeonite unmixes to orthopyroxene with minor augite (as lamellae). In a
magma crystallizing under relatively high /sro the pyroxene liquidus
would be depressed, to the extent shown schematicall""" by solid Iines. In

I Possible autometamorphism of middle gabbros is not considered here



GUADALA P E IGN DO(TS COM PLEX

this case the pyroxenes in equilibrium with the eutectic liquid would be
orthopyroxene and augite whose Ca-contents are more extreme than for
the low/rrro pyroxene pairs. The region of the solvus likely to be involved
at high/H,o has steep slopes. tsoyd and Schairer (1964, Figure 1) show in

(lVg, Fe)rSirO. Co (lV g, Fe)S rrOu
a tomic  " /o

c

C o

(Fe,Mg)rS irO. Co(Mg,Fe)SrrO.
otomic "/"

d

Frc. 11. Hypothetical phase diagrams to aid in the understanding of crystallization
of the Guadalupe pyroxenes. See text for discussion.

the system En-Di the solvus boundary shifts by only a few weight per-
cent CaSiOa between 900oC to 700'C.

In 83 there is textural evidence that the primary pyroxenes were Ca-
rich clinopyroxene and a pigeonitic pyroxene, which unmixed to the
observed composite grains of orthopyroxene with minor clinopyroxene.
Equilibrium relations during crystallization of pyroxenes in 83 may have
approximated those proposed by Muir (1954) for dry systems. The rock

C o \

h y p e r s t h e n e

p r g e o n r t . e
+ /  O U g l l e



456 M. G BEST AND E. L. P. MERCY

153 is much coarser, has a greater percentage of hydrous minerals, and
also occurs nearer the postulated top of the Guadalupe complex. It car-
ries what appear to be primary independent grains of Ca-rich clinopy-
roxene and orthopyroxene, as well as aggregated grains of these phases
which may represent granular exsolution of a primary pigeonitic phase.
If these textural relations are interpreted correctly then the formation
of the 153 pyroxenes may have been governed by the phase relations
shown in Figure 11(b). Init ially a pigeonitic pyroxene 153p together with
a Ca-rich clinopyroxene 153c' precipitated from the l iquidus (note dashed
phase boundaries in Fig. 11(b)). If the field of pigeonite plus augite had
been reduced to a very thin band at the Fe: Mg ratio of 153, then a small
increase ol fu,o subsequent to crystall ization of the early 153p and 153c'
would have eliminated this band altogether such that liquid would be in
equil ibrium with pyroxenes 153o and 153c. Simultaneously with the
precipitation of these two pyroxenes, the early 153p grains might unmix
to 153o and 153c, provided the temperature had dropped slightly as

/n,o increased. Note that the compositions of 153c' and 153c would be
very nearly the same.

If precipitation of hydrous Fe-Mg silicates had not taken the place of
pyroxenes in the residual magma remaining after formation of rock 153,1

an Fe-rich pigeonitic trend may have been more firmly established. It
appears that at the composition of 153 the two-phase region of pigeonite
plus augite in the pyroxene-temperature quadrilateral prism was barely
intersected. The phase relations of more Fe-rich pyroxenes, had they
precipitated, would have been dependent on a thickening wedge of this

region. The pyroxenes in 83 probably were involved in this thicker two-
phase region, not because of a greater degree of Fe-enrichment but ap-
parently because of locally lower/uro.

The delicate exsolution lamellae seen in the Fe-rich pyroxenes took
place after any granule exsolution which might have occurred'

HonNsr,nNoBs

The analyses of the hornblendes have been recalculated in Table 5

on the basis of 24 anions into a seneral formula

where

X :  C a ,  N a ,  K ;

AXzYsT,aOzz(O, OH, F, Cl)z

Y : Mg, Li, Ti, Fe2+, Fe3+, Mn, A1; Z : Si, AI.

1 It is interesting to note that Nockoids and Mitchell (1948) found similarly Fe-en-

richecl pyroxenes (by optical properties) in Caledonian rocks and beyond which in later,

more silicic difierentiates hydrous ferromagnesian silicates took the place of pyroxenes.

Presumably in such magmas crystallizing at high/n"o the liquid of this composition leaves

the field of stable Dvroxene.



SiOz
TiOz
AhOa

46.12
2 . 3 8
9 . 2 7
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t32h

43 64
2 . 6 7
9 8 0

41 .97
I 4.)

8  . 3 9

128h

2 0 9
10.42
0 . 1 1

1 3 . 9 5

2 . 8 5
12.22
0 .  1 5

12.28

153h

M . 4 8
1 . 6 9

3 . 9 1
L 7  . 7 0
0 . 2 6
9 . 3 4

o .97
r . 4 7
0 . 3 1

99 82
0 . 1 3

99.69

154h1

6 . 1 6
2 r . 7 7
0.48
J . I J

CaO
Liro
NarO

Fe:oa
FeO
MnO
Mgo

KrO
H:O+
F
Total
Less O {or F
Total

r 1 . 7 5
0 .04
t . 7 3

0.69
r . 9 4
0.09

99.  85
0.04

9 9 . 8 1

10.  85
0 . 0 4
1 . 6 8

0.  54
1 . 6 0
0 . 1 0

99.76
0.04

99.72

r 2 2
2 . 1 4
0 . 4 1

100 29
0 .  1 6

100 13

Chemical Analyses

Number of ions on the basis of 24 (O, OH, F)

Si
AI

AI
Ti
j , e "

f ,a!!)s ooo f flfls ooo f:li3F *' f :ili)'*'
0.041
0 .168
o .728

2.826
0.065

4 . 7 1 3

0 867
0 . 0 1 8

5 .049Fe2+
Mn

Mg
Li

o.12s l
0 . 1 9 3  I
0.440 1
r  ^ . 1
0.  037 1_ l
2.1261
0 .018J

1 .7s01
o .M012 .374
0 .184J
I'19?\^.s+sv . r + t )

Ca
Na
K
OH
l'

r.27315 169

0.343
0.264
0 .228

0 .018

3 .039
0.004

3 3 . 3

173)
roa I
3201

,* l
018 I- l
71s  I
016J

0 .
0 .
0

1 .
0 .

2 .
0 .

(>Fe*Mn)100

)Fe*MnfMg

1 .86e1
o.49812 49r
0.124)
to.n&?t't nu'

1 .8001
0. 504 12 . 546
0.2421
2.220\1 ^ar
0.20s1' ' -""

8 0 . 44 0 . 8 56.2

Optical properties'z

1 .657 pale
brown

|  6 7 2 b r o w n

1.680 dark
brown

1.661 pa le
brown

1 .676 brown

1 .686 dark
smokey brorvn

55
t 7

1.671 pale
brown

1.684 green-
brown

1 697 olive-
green

1.662 pale
brown

1.683 deep
olive-green

1 .689 dark
bluish green

J O

1 6
74
t . )

1 Corrected for 6 percent biotite 154b.
2 See footnote Table 5.
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The position A is not occupied in the ideal tremolite end member

Ca2MgsSisOzz(OH, F)z but in aluminous hornblendes there is generally

an excess of K and Na over that required, along with Ca, to bring X to

2.00, and this excess, together in certain instances with H, goes into the

A position (Phil l ips, 1963).
AII of the Guadalupe hornblendes, though ranging widely in the de-

gree of substitution Fe2+-Mg, are common hornblendes or aluminous

calciferous amphiboles, according to the nomenclature ol Deer et al

(1962, vol. 2, p. 271), and Phil l ips and Layton (1964).

The number of Si, Al, Ca, and Na ions fluctuate with respect to the Si

content of the host rock. However, with respect to increasing Si in the

rock, Ti and Mg decrease, whereas Fe3+, Fe2+, Mn, Li, K and F increase'

The Guadalupe hornblendes compare rather closely to those from

similar rock types in other intrusions. Ti is higher, however, than in

hornblendes from the Southern California batholith reported by Larsen

and Draisin (1950). Normative calculations indicate all the Guadalupe

hornblendes contain olivine; 154a and l32acarry in addition nepheline.

Blotros

The three biotites analyzed from the Guadalupe complex are not un-

like Fe-dominant "trioctahedral" micas occurring in other calc-alkaline

intrusive rocks (see Foster, 1960; Deer et ol ,1962, vol. 3, pp. 76-78)'

Calculation of the number of ions, shown in Table 6, suggests that cer-

tain variations occur as a function of host rock. Thus from quartz-bear-

ing, Fe-rich gabbro through qtartz monzonite to granite (rocks contain-

ing, respectively, two pyroxenes and hornblende, hornblende alone and

no other mafic silicate) there are increases in Al (particularly evident as

an increase in octahedrally coordinated Al), Fe3+, Na and (OH) and a

decrease in K and the overall number of 6- and 12-coordinated cations.

The ratio p"z+f Fe3+f Mn:Mg, which generally increases in minerals

from differentiated igneous sequences' is erratic.

Although the number of octahedral sites occupied in 148b is only 5.1,

compared to the theoretical 6.0 in an ideal trioctahedral mica, there are

compensating charge contributions from the abundant AI, Ti, and Fe3+'

The composite layer charge in this mica balances reasonably well with

the interlayer cationic charge, following the convention of Foster (1960)

in calculating structural f ormulae.
The three biotites are plotted in Figure 12 which portrays the relations

between octahedrally coordinated Mg, Fe2+, and Al*Fe3++Ti' For

comparison, the fields of phlogopite, Mg- and Fe-biotite, and sidero-

phyllite-lepidomelane defi.ned by Foster (1960, Fig. 11) are shown' The

field of biotite comprises micas from granites, qtartz monzonites, diorites,
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Chemical Analyses

148b153b

SiOz
TiOz
AlzO:

35 .93
4 . 2 7

13 .00

35 .63
J . l ,

l J , l /

J l  , I  I

2 . 6 8
14.31

Fezo:
FeO
MnO

2 . 6 1
20.81
0 . 1 1

6 . 6 7
24.83
0 . 3 3

2 . 6 7
t . 6 7
0 .  1 4
0 . 3 3
7 .83
2 . 8 3
1 . 1 7

tol.44
.  . ) t ,

99 91

to .21
1 5 . 2 8
0 . 2 0

Mgo
CaO
Liro
NarO
KzO
HzO+
F
Total
Less 0 fcr F
Total

9 . 2 6
0 . 4 1
0 .  1 5
0 .  1 0

10.  14
2 . 6 9
0.  65

100. 13
. 2 7

99.86

5 9 8
0 . 8 8
0 .  1 4
0.40
7  . 7 8
4 . 2 1
0 .  1 4

99.92
.06

99.86

Number of ions on the basis of 24 (O, OH, F)

i 3?rl' ,,

1 . 9 2 8 ) 5 . 1 1 1

0. 145
0 . 1 0 8 f 1 . 7 5 5

ii'2l','

5 .608
) ?o')

0.048
0 . 3 7 8
o.794
3 . 2 7 2
0.047
0.624
0.094
0.284
0.094
1 . 5 7 0
0.  586
2 970

8.000

5 . 2 5 7

3 . 5 5 6

i:531)' .',
0.0041

2.024)

illz,, "'

Si
AI
AI
Ti
Fe3+

Fe2+

Mn
Mg
Li
Ca
Na
K
F'

OH

7 0 . 08 6 . 85 8 . 5
(>Fe-l-Mn)100

>Fef Mnf Mg

Optical properties,

(A*t)/2

1

B
a

1.664-r .670
Iight brown
dark red-brown
dark red-brown

l . o . t /

light yellow-brown
brown-black
brown-black

| .665-1.674
light yellow-brown
brown-black
brown-biack

I Corrected for 6 percent hornblende 154h.
2 See footnote Table 5.
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PHLOGOPITES

.  154
SIDEROPHYLL ITE

A LEPIDOMELANES

Al + F62+Ti
- + 2
F E

otomic 7o
Fro. 12. Octahedrally coordinated cations in trioctahedral micas. Soiid circles are Guadalupe

biotites. Fields of natural biotites are taken from Foster (1960' Fig. 11)'

syenites, and nepheline syenites with no visible clear-cut distinction be-

tween rock types (Foster, 1960, Fig. 12). Similar triangular diagrams,

presented by Heinrich (1946), which employ oxide percentages seem to

show a better correlation between biotite and host rock type. Thus, the

aforementioned ionic variations (note again the Fe2+*Fe3++Mn:Mg

ratios) in the Guadalupe biotites should be viewed with caution, there

being the possibility that more analyses would modify any trends based

on the limited data presented.

IruBNrrBs

Chemical analyses of ilmenites together with the calculated cationic

abundances referred to 6 oxvsen are shown in Table 7. The ideal formula
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for ilmenite, FeTio3, is never satisfied in naturar materiar, there always
being additional divalent cations Ca, Mg, Mn, etc., substituting in the
place of Fe2+. Moreover, there is l imited solubil ity (up to 6 wt. percentl
see Deer et al, 1962, vol. 5, p. 30) of the hematite ,,molecule" FezOa in the
rhombohedral structure of ilmenite. small amounts of Al3+ and Va+ pos-

Tleln 7. Ir,unxrros

Chemical Analyses

t32il28i 153i

o .49
5 1 .  / t J

o . 2 l

0 . 1 0
6.49

37 8r

o .62
50.56
0 . 2 6

0 1 0
8 .03

38 .  14

0 .  5 7
2"34
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sibly occupy permissible Fe3+ sites. With regard to Sia+, Vincent and
Phil l ips (1954, p. 19) suggest i lmenites can accommodate as much as 0.5
weight percent. Part of the sioz indicated in the Guadalupe analyses is
due to adhering pvroxene and biotite contaminant, but part may belong
to the oxide phase.

There are several alternative explanations for the deviation of morecu-
lar proportions of tetra- and divalent cations from the ideal formura in
the Guadalupe ihnenites, as follows (see for example, Buddington and
Lindsley,  1964,  p.328) :  (1)  The molecular  excess of  T i  over  Fe2+*Mg
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*Mn*Ca is due to an excess of TiOz at the time of formation of the

ilmenites. The excess permitted in solid solution is, however' very

Iimited at 1300oC (Taylor, 1964) and at significantly lower temperatures

is probably less. Therefore the apparent excess of TiOz in the Guadalupe

ilmenites (shown by the plotted points in Fig. 13) is considered too

great for a solid solution phenomenon. Moreover, the i lmenites are homo-

geneous optically and with respect to X-ray diffraction, ruling out the

possibil i ty that they might be two-phase entit ies, such as i lmenite plus

F e O  T i O z
I r n e  o f  c o n s t o n l
Fe /  T i  r o l i o

r o  
- 9  - a

2  F e O  T i O 2

F e O
( +  M n O  +  M g O + C o O )

F e . O .  T i O ,

Fe203
( +  A l 2 0 3 + v 2 0 3 + s i 0 2 )

Frc. 13. Phase relations in a part of the system l'eo-TiorFezo, at 1300"c (after

Taylor, 1964). Oxygen isobars (values are of log/or) are linear in two-phase regions and

curved in one-phase. Guadalupe ilmenites, shorvn as solid circles, are plotted in terms oI

all the oxides indicated.

ruti le. (2) Unreported divalent cations could compensate for an apparent

excess of Ti. All the analyses, however, total very close to 100 percent,

leaving no chance for this possibil i ty. (3) Some Fe2+ originally present

has been oxidized, probably during slow cooiing of the i lmenite from

magmatic temperatures. Oxidation during weathering or during labora-

tory processing of the concentrate for chemical analyses doesn't seem

likely in view of the fresh appearance of the i lmenites in polished section,

and of the concentrates under a binocular microscope. Because explana-

tions (1) and (2) are without support, and because there is no evidence

against (3), it is taken to be the most rational explanation. (The same

conclusion for other i lmenites is drarvn by Ta1'lor, 1964, p. 1028')

Util izing the l ine of constant Fe/Ti ratio in Figure 13, the Guadalupe

T i 0 2
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ilmenites can be reduced towards the join FeO - TiOz yielding a composi-
tion of approximately hem3 ilmeT which was very probably the stable
homogeneous phase initially crystallizing from the Guadalupe magma.

The compositions of the analyzed ilmenites reflect the position of their
host rocks in the differentiation sequence. With respect to rising sil ica
content of the rock, M92+ decreases fourfold, Fe+ increase about l0/o,
and Mn2+ increases 40lr.

P.cnrrrroN or ErBuBNrs BETwEEN CopxrsrrNc CnysrarrrNo pHasps

Although it is a fairly routine procedure to separate and analyze con-
stituent minerals from igneous rocks, the interpretation of the manner in
which ions from the magma have been distributed between the several
crystall izing phases is open to considerable uncertainty. The most serious
diff iculty is the fact that most igneous rocks are produced by percipita-
tion of crystals from a magma over a range oI temperature, and/or pres-
sure. The extent to which equilibrium between the compositions of crystal
and liquid is achieved is subject to numberous factors, one of the most
significant being the rate of cooling of the magma.Zoned crystals in an
igneous rock are generally interpreted as evidence for incomplete reac-
tion, or a failure to maintain equilibrium, between crystals and liquid.
Certain textures may be interpreted as evidence that a particular phase
crystall ized prior to another (or others). Yet one must keep in mind the
possibil i ty that although, for example, hornblende is interstit ial to
euhedral pyroxene and feldspar, the three phases could well be an equili-
brium assemblage because slow cooling, perhaps aided by abundance of
volati les as catalyzers, permitted continuous and complete reaction be-
tween the lhree crystall ine phases and liquid as the temperature changed.

Apart from these uncertainties, the processing of the rock by human
hands imposes some bias in what is concentrated fr-om the rock and the
way in which it is chemically analyzed.

In the Guadalupe samples, compositional zoning in plagioclase is
ubiquitous, and some variabil ity in optical properties, density, and mag-
netic susceptibility was noted in the ferromagnesian silicates analyzed,.
In most rocks yielding minerals for analyses, no evidence of marked tex-
tural disequilibrium was found (see Figs. 2 to 6). The exception is sample
153, in which it appears that much of the pyroxene crystallized prior to
hornblende and that biotite generally followed ilmenite. In the absence
of independent data, such as might be provided by an electron micro-
probe, it is impossible to state just how homogeneous the analyzed min-
erals are, or the extent to which coexistence in the rock is indicative of
compositional equilibrium at the time of crystallization. Graphical
analyses of the Guadalupe pyroxene compositions utilizing plots applied
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to other pyroxene associations suggest an approach to equil ibrium with
respect to these two phases.

With these important assumptions and reservations in mind, some of

the salient aspects of ion partition in the coexisting Guadalupe minerals
may now be examined. With regard to hornblende and biotite, the parti-

tion is comparable in most respects to that in another calc-alkaline plu-

tonic suit-the rocks of the Southern California batholith (Larsen and
Draisin, 1950) and to that in schists described by Nickel (1954). In more
general terms, the partit ion of ions between the two coexisting pyrox-

enes, hornblende, and biotite is generally similar to that demonstrated
in miscellaneous data collected by Devore (1957). Scrutiny of the parti-

t ions discloses, however, certain anomalies. Devore (1957), for example,
emphasizes that in coexisting clino- and orthopyroxenes the former are
enriched in Fe 3+ and Ti. In the Guadalupe, Fe3+ is more abundant in
orthopyroxene and Ti is not consistently enriched in the clinopyroxene.

The chemical analyses essentially confirm what was shown in Best
(1963, Fig. 6) on optical grounds, t iz., that for similar plagioclase compo-
sition the Guadalupe pyroxenes are not nearly as enriched in Fe as are
those in the Skaergaard. This follows, presumably, from the relative Fe-

enrichment in these two magmas.

INrrunNcB or'/nro aND/o, oN THE CouposuroNs or MrNrnaLs

The reconnaissance hydrothermal experiments of Yoder and Til ley
(1962, especially Figs. 27 and 28) indicate that for a particular tempera-
ture interval, as /nro (they plot pnro) increases in a basaltic magma,
amphibole becomes a more dominant ferromagnesian phase, taking the
place of pyroxene and olivine. The modal data on Guadalupe gabbroic

rocks (see Best, 1963) provide a natural example of this phenomenon.

Olivines disappear early in the differentiation sequence, at about the

same position as hornblende becomes a prominent constituent; the last

pyroxenes appear in the Fe-rich gabbroic rocks, which contain abundant
hornblende and biotite. In all the more silicic differentiates hornblende

anf biotite are the sole f erromagnesian silicates.
To this rather direct implication of relatively high /nro in the Gua-

dalupe magma should be added the effect it had on the distribution of

Ca, Mg, and Fe2+ in the pyroxenes.

The/o, in a crystallizing magma can be evaiuated, to a certain degree,

by examination of the Fe3+/Fe2+ ratios in the Fe-bearing phases, and in-

directly by assessing the nature of coexisting Fe-bearing silicates, oxides,

and sulfides. Pertinent data along these lines for the Guadalupe include:

(1) Pyroxenes, particularly Ca-rich clinopyroxenes, are not abnor-

mally enriched in the NaFe3+ SizOo molecule, as they would be if crystal-
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lized at high/o,. (In unpublished experiments by the writer, yellowish
Fe3+-rich clinopyroxenes (2V-60o, and 77\ Q: 50o) have been synthe-
sized when the 1887 Mauna Loa (Hawaii) basalt was held at approxi-
mately 1150'C in the presence of a nickel-nickel oxide buffer (/6,-
t6-a's) at one atmosphere total pressure. In contrast, with a wiistite-
iron buffer (/er-19-tz 5) the clinopyroxenes have the normal amount of
Fe3+ found in typical tholeiites.) In fact, the number of Fe3+ ions in the
Guadalupe clinopynoxenes is no greater on the average than those from
the Skaergaard (Brown, 1957) intrusion, commonly regarded as crys-
tallizing under low/or.
(2) Sulfides appear only sparingly and are confined to the Mg-rich
gabbros.
(3) Ilmenite is, with minor exceptions, the dominant Fe-Ti oxide in
gabbroic rocksl magnetite, with (111) Iamellae of i lmenite, occurs io-
cally. Similar magnetite plus independent ilmenite grains constitutes
the oxide assemblage in quartz-rich differentiates.
(a) The rather high ratios of Fe2O3/FeO previously reported for bulk
rocks (Best, 1963, p. 256) appear too high, in view of the low ratios
found in all the analyzed Fe-bearing mafic silicates constituting these
rocks. Barring the remote possibility of excessive amounts of Fe?+ in
plagioclase (they are actually colorless or rarely white) the high ratios
must be related to the ubiquitous films of secondary ferric oxide which
pervade grain boundaries and internal fractures and cleavages. A
rough calculation of the FeuOa/FeO weight percent ratio for 153, based
on its mode and mineral compositions yields 0.15, compared to 0.24 for
the bulk rock analysis (Best, 1963, Table 5).

The discussion which follows is an attempt to obtain approximate
values for/o, during crystallization of the Guadalupe magma.

Compositions of the Guadalupe ilmenites have been plotted in Figure
13, taking into consideration all the analyzed oxides, together with the
one and two phase fields and isobaric tie lines in the simple system FeO
-FezOa-TiOr at 1300oC and one atmosphere total pressure (Taylor,
1964). Assuming that the phase fields in the natural system at the tem-
peratures of crystallization of the Guadalupe gabbroic rocks (presumed
to be about 1100'C to 900'C) are essentially the same as those for the
ternary system at 1300"C,1 then certain inferences can be made regarding
the/o, at which ilmenite crystallized and cooled. The plotted points rep-

I Lindsley (1965) reports that pseudobrookite solid solutions (FeTizOr-Fe:TiO) de-
compose from 1 140oC to about 600'C to ilmenite-hematite solid solutions plus rutile. These
findings do not modify the arguments and conclusions presented herein, provided the exces-
sive TiOr contents of the Guadalupe ilmenites are apparent only, being produced by slight
post-crystallization oxidation.
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resent the homogeneous pure Guadalupe ilmenites, but because they fall

in the two-phase fi.eld, pseudobrookite and rhombohedral phase, they

must have become oxidized somewhat, subsequent to crystallization in

the one-phase band. The initial composition is approximated by extrap-

olating into the one-phase band along a line of constant Fe/Ti ratio,

giving an original composition of about hemr ilmgr. At 1300oC this com-

position is in equilibrium with an/o, of 10-e bars. The /o, at lower tem-

peratures can be read from the hema ilmeT contour l ine in Buddington and

Lindsley (1964, Fig.5), giving at 1100oC approximately 1g-to5 and at

900oC 10-13 5. During cooling of the ilmenite to lower temperatures, the

/o, must have increased one or two orders of magnitude relative to the

hema ilmgz contour line to account for the observed oxidation. Budding-

ton and Lindsley (1964) discuss a hypothetical magma at 1000oC, fluid

pressure (mainly HrO) of 1000 bars, and fo, 10-10 4 bars which, upon

cooling as an open system to 500oC at the same fluid pressure has /o,
10-2a bars. A comparable decrease in/o, in the Guadalupe wouldn't have

caused any oxidation of the ilmenites (refer to their Fig' 5). (There would

have been, however, major oxidation of a spinel phase under these con-

ditions, had such been present.) To account, then, for the slight oxidation

in the i lmenites one can only postulate preferential loss of H2, or possibly

sulfur compounds, from the intergranular fluids in the gabbros during

cooling.
Apart from the information of /o, in the Guadalupe magma provided

by experimental data on ilmenite stability, the Jo, may also be approxi-

mated by consideration of equilibria among the volatile constituent.sl of

a plutonic magma. Numerous factors affect the equilibrium relations,

and simplifying assumptions must be made when calculating fugacities of

different volatiles. The equilibria will be afiected by the Fe3+/Fe2+ ratio

of the melt, but as pointed out b-v Verhoogen (1962b,p.174), the volati le

constituents and their proportions will be the controlling factors because

of their very large molecular proportions relative to Fe in the melt.

Consider a magma system at 1400'K (l l27"C), Jn2o:500 bars' and

2totur-5000 bars, i.e., the conditions under which the Guadalupe magma

is presumed to have begun to crystallize. What is the equilibrium /or?
Under the conditions considered here /o, and fn" are very nearly equal

to their respective partial pressures, Po" and pnro, whereas /nro differs

from pnro to some extent because the proportionality constant relating

these two quantit ies, the fugacity coefficient, is of the order of 0.95 (Hol-

l This includes HzO, H:, Oz, SOz, S:, HzS, COz, CO, etc., or molecules rvhich under mag-

matic temperatures ale in a gaseous state and under piutonic magmatic conditions are

generally present in solution in the silicate melt. Heavy ions, such as Fe, Mg, Ca, etc.,havea

finite, but very small, vapor pressure, and will be neglected as volatile constituents.
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ser, 1954). However, because of the approximate nature of the calcula-
tions, the fugacities of all the volatiles will be taken equal to their respec-
tive partial pressures (see for comparison the calculation of Buddington
and Lindsley, 196+, p. 320).

If it is first assumed that HzO and its dissociation products Hz and Oz
are the only volati les present in the magma, then/o, at 1400'K is found
directly from the reaction (utilizing the equilibrium constants from Wag-
man et al, 1945):

Hrr*r  f  *Orr* l  :  HsO(c)  (1)

rroo"K fn,o
K , , ,

PH , 'Po " ' t t

but because prtr:2po, and pn"o:500 bars: 102 7 bars

102 7
: 1 0 6 3

2P6ra tz

Po' : l}-z'e

At 1200'K (927'C) and/n,o:1000 bars

Po' : tQ-s's

Under such oxygen fugacities hematite would be the stable Fe-oxide (c/.
Buddington and Lindsley, 1964).

Few plutonic rocks contain hematite as the Fe-oxide phase, most
gabbroic rocks having ilmenite magnetite assemblages, or ulvcispinel,
either of which implies a much lower /or. The first assumption that
pur:2po, thus fails on mineralogical grounds; it is also inconsistent with
the probable past history of the water in the magma, i.e. equil ibrated for
eons with high-temperature magmas and Fe-sil icates, in which case it
should have excess lfz.

The assumption that H2O, H2, and Or are the sole volati le constituents
in a magma is again invalid on the basis of numerous studies of the gases
evolved from active volcanoes. Eaton and Murata (1960), for example,
list the average Hawaiian volcanic gases in volume percent as HzO
79 .31 ;Hz  0 .58 ;  COz  11 .61 ;CO 0 .37 ;SOz  6 .48 ;  S r  0 .24 .Tha t  t he /o ,  i n  a
magmatic system with these volatile constituents will be drastically
different from the assumed case with only H2 and HrO present, has been
emphasized by Verhoogen (1962b, p. 17a) and, in a survey of chemical
equil ibrium in magmatic gases, by Ell is (1957). As an i l lustration one
can take from Ellis (p. a20) data for a system approximating that of the
Hawaiian volcanoes composed of HzO-COz-Hz-Sz in the molecular
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ratio 100: l0:2:l; mole fractions composed of volati le species at 1200"K
and 1400oK are summarized in Table 8. Although the mole fractions at
elevated Pto*tin this complex system were not calculated by Ellis, their
approximate values may be inferred from high pressure values for a
simpler system, also shown in Table 8. If, for a fu2o:1000 bars and a
temperature of 1200oK, *sr6 is taken as 900X10-3 and rsre as 4X10-3,
then po, may be found approximately from the expression

/  P n , n  \ '  / 9 X 1 0 : l \ ' zy ' u r : I
\pH,  X K, : i * 'n  /  \4  X 10? e/

This value is not incompatible with that necessary for the formation and
nonoxidation of ilmenite previously noted. This /o, moreover, is about

Teerr 8. Mom FnactoNsr (X103) or G.tsrs (after Ellis, 1957)

P
(bars) XnrO XH"s Xsor XH, Xs, Xcor

System HrO-Hz-Si ,  Molecular  Rat io 100:2:1

1400
1200
1200

938 .8
957 .9
9 7 5 . 8

5 . 3
r r .7
1 8 .  1

1 3  . 9
7 . 5
1 . . )

4I.9
2 2 . 8
4 . 6

0 .080
0 .105
0.006

System HzO-CQ2-H2-Sz,  Molecular  Rat io 100:  10:  2:  1

1400 | 1
12oo | 1

I

859
873

4
10

l4
8

34
20

0.005
0 . 1

o .02
0 . 3

8 1
86

8
3

1 The partial pressure of any volatile is the product of its mole fraction and P1o6q.

the same as the inferred/o, in the Skaergaard gabbros at similar tempera-
tures (Bartholom6, in Wager, et al., 1957 Buddington and Lindsley,
1964.  Table 1) .

In the Skaergaard rather abundant suifides are found throughout the
intrusion whereas in the Guadalupe pyrite and pyrrhotite are limited to
the most magnesian gabbros. Accordingly, in the Guadalupe reactions of
the general type

FeSz *  t rOr:  FeO *  S:

must have proceeded to the right after the formation of the magnesian
gabbros. The displacement from the equil ibrium condition probably
wasn't much, and may have been occasioned simply by decreasing tem-
perature (see Holland, 1959). If /o, in the Guadalupe had been one or two
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orders of magnitude less, sulfides might have appeared throughout more
of the differentiation sequence.

In conclusion, it appears as though/o, in the Guadalupe magma was,
at most, only a few orders of magnitude more than that in the Skaergaard.
It is important to realize that geologically large variations in/nro produce
only very small variations in the equilibrium /or. Variations in the magma
in quantities of other volatiles which can participate in oxygen consum-
ing or liberating reactions is of paramount significance.

VanrarroNs rN/o, AND/n2o AND THE TREND oI DTTFERENTTATTON

Because the Guadalupe differentiation trend shows chemical and min-
eralogical similarities to the plutonic calc-alkaline trend (Best, 1963,
Fig. 13 and pp. 253-257), it is important to make some comments on the
role which thefo, and/uro played in determining this trend of differen-
tiation. Considerable current interest in fundamental principles of petro-
genesis has been stimulated by the experimental discovery that variable

/o, influences the course of crystallization of mafic magmas. Thus, both
Kennedy (1955) and Osborn (1962) suggest that the "Bowen trend" of
late enrichment in silica is occasioned by a relatively high fo, (or a con-
stant /o, during crystallization) and the "Fenner trend" of Fe-enrich-
ment by a low/o, (or total composition of system remains constant). The
usual natural examples cited for these trends, respectively, are the com-
mon calc-alkaline suites of orogenic zones, consisting of gabbro-diorite-
granodiorite-quartz monzonite or the extrusive sequence basalt-andesite-
dacite-rhyolite, and the Skaergaard intrusion of gabbro-ferrogabbro-Fe-
rich granophyre.

It has been shown that the/o, in the Guadalupe magma was not greatly
more than that prevailing in the Skaergaard. If a relatively high (or
constant) /o, did not prevail during crystallization and differentiation of
the Guadalupe magma, the question arises as to whether it can be a fac-
tor generally in the development of the calc-alkaline trend. One signifi-
cant characteristic of this trend, whether plutonic or volcanic, is the very
common occurrence of hornblende and biotite, often to the exclusion of
pyroxenes and olivine. Variations in f6, cannot alone promote the de-
velopment ol hydrous mafic silicates.

The suggestions of Kennedy (1955) and Osborn (1962) need to be crit-
ically evaluated by detailed chemical and mineralogical studies oI na-
turaligneous sequences so as to determine the real extent of variations in

/o, in natural magmas (see Fudali, 1965, p. 1063). In this regard it should
be noted that techniques are now available to evaluate, with varying de-
grees of accuracy, the intensive variables fo, fnro, and ? in magmatic
systems (Buddington and Lindsley,1964; Wones and Eugster, 1965).
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In the Guadalupe,/n2o was relatively high, sufficient to allow crystal-

lization of hornblende, in even the earliest differentiates. If hornblende

crystallizes to some extent in place of Ca-rich clinopyroxene, which is
greatly dominant over Ca-poor pyroxene in both the Guadalupe and the

Skaergaard, then the residual magma will be depleted in Fe and en-

riched in Si, relative to one in which hornblende does not form. The rea-

son for this is the higher Fe and lower Si (relative to some datum, such as
number of O atoms) in hornblende than in coexisting Ca-rich clinopyrox-

ene. Early crystallization of biotite enhances this "hornblende elTect."

Thus it would seem that high values of fyro, permitting early crystalliza-

tion of hornblende, lead to Si-rich, Fe-poor late differentiates, as in the

Guadalupe or the classic calc-alkaline trend, whereas low /uro prohibits

hornblende precipitation and leads to the Skaergaard trend of Fe-enrich-

ment.
This hornblende effect cannot account for ali the chemical and miner-

alogic aspects of the calc-alkaline trend, and it would be unreasonable to

think it should. Other factors as well must be operative. For example,

early crystallization of hornblende would deplete the residual magma in

Na and K but this is hardly a property of calc-alkaline sequences. There

seems to be some process whereby late granitic residua, enriched in Si,

Na, and K, develop in conjunction with more mafic, early differentiates
(gabbro or diorite), but with l itt le or no bridging rock types. This is the

situation in the Guadalupe complex.

SuMuenv AND CoNcLUSToNS

An investigation of mineral compositions in the Guadalupe igneous

complex provides information on mineral chemistry, phase relations in

the crystallizing magma, partition of elements between coexisting phases,

and the intensive variables/o,,/nro, and ? prevail ing during crystall iza-

tion. The complex bears many similarities to the plutonic calc-alkaline

suite common to orogenic belts, and the data presented and discussed

here should be considered in this context. The general field relations and

petrology of the complex suggest it originated essentially by differentia-

tion, in situ, of a parent basaltic magma.

Chemical and mineralogical data have established a new trend of

pyroxene crystallization. It consists of coexisting clinopyroxene and

orthoppoxene, lacks essential pigeonite, and has more extreme values of

Ca than other well documented igneous trends, particularly the tholei-

itic, low /uro trend. The partition of Ca, Mg, and Fe2+ between the pyrox-

enes is essentially the same as in other calc-alkaline plutonic suites and

bears similarities to that in high-grade regional metamorphic rocks. The

Guadalupe pyroxenes crystallized at temperatures lower than in other
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documented igneous bodies because of depression of the pyroxene liquidus
well down on the solvus, owing to elevated/n,o in the magma.

Because of the relatively high /uro, hornblende appears early in the
gabbroic differentiates, biotite appears in late gabbroic differentiates,
and these two hydrous ferromagnesian mineral then take the place of
plroxenes throughout the more silicic, late differentiates. Hornblendes
show Fe/Mg-enrichment relative to increasing Si in host rock, whereas
biotite values rise and then fall. Experimental studies (Wones and Eugs-
ter, 1965) show that in Fe-bearing hydrous sil icates either a Mg- or a Fe-
enriched crystallization trend may develop, depending on the variations
inJorrfrtro, and Z.

Fe-sulfides occur sparingly in the earliest gabbroic differentiates.
Ilmenite is the dominant oxide phase in gabbroic rocks, although addi-
tional triangular-textured intergrowths of ilmenite-magnitite are found
in some gabbros and typically in silicic differentiates.

The chemical composition of the ilmenites allows certain inferences to
be drawn regarding the fo" during crystallization of the magma and cool-
ing of the rocks. Utilizing experimental data of Buddington and Lindsley
(1964) and Taylor (1964) on Ti-Fe-O equil ibria, it appears that/o, musr
not have been greater than 10-10 5 to 10-13 5 bars during crystallization
from 1100"C to 900oC. During subsequent cooling the formust have been
approximately buffered in some manner.

A further evaluation of /o, in the magma can be made by approximate
calculations on gas equilibria. /o, cannot be governed by equilibration
with only Hz and HzO because very high values obtain, which would per-
mit only hematite to crystallize as the stable oxide phase. A more realis-
tic approach (see for example, Ellis, i957) is to consider Oz as participat-
ing in equilibria with several volatile constituents, such as Sz, HrS, SOz,
COz, H2, HzO, in the magma. This approach yields /o, values close to
those obtained from ilmenite compositional relations and, at most, only
about two orders of magnitude more than those inferred for the Skaer-
gaard magma. If these /o, values are reasonably accurate, then the two
contrasting differentiation trends-the Skaergaard and the calc-alkaline
-cannot be occasioned simply by variations in /o, as suggested by
Kennedy (1955) and Osborn (1962). Detailed mineralogical and chemi-
cal investigations of other natural igneous rock suites are needed to
evaluate the intensive variables/or1/n, and T and their role in producing
divergent trends of magmatic descent.

ft is suggested that one relevant factor in the development of the calc-
alkaline suite, as contrasted with, for example, the extreme Fe-enrich-
ment of the Skaergaard, is relatively high,furo in the magma. This per-
mits early and sustained crystallization of hornblende and biotite, both
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of which serve to deplete the residual magma in Fe and enrich it in Si,

relative to the situation in a "dry" magma crystall izing pyroxenes.
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