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Geothermometry and geobarometry in epizonal granitic intrusions:
a comparison of iron-titanium oxides and coexisting feldspars

Jnuns A. WHrrNny lNo J. C. Srorunn, Jn.

Department of Geology, Uniuersity of Georgia
Athens, Georgia 30602

Abstract

Epizonal granites and quartz syenites from the White Mountain magma series, North
Conway, New Hampshire, contain two feldspars, quartz, ol ivine, magneti te, i lmenite, biot i te,
cl inopyroxene, and amphibole. The iron-t i tanium oxides from associated rhyol i t ic volcanic
rocks yield extrusion temperatures of 1000 to 1050'C atanfo,of l0 r1 bars. Those from the
epizonal plutons yield temperatures of650 to 700'C and an/6,qf 10-tt  bars, suggestingthat
the oxides reequil ibrate during cool ing to the sol idus. These values agree with the/6,-Tcurves
derived from the olivine-quartz-magnetite assemblages. The albite distribution between
plagioclase and alkal i  feldspar yields temperatures above 1000"C for the volcanic rocks, 700
to 1000'C for the quartz syenite, and 650 to 700"C for the granite, suggesting that the
feldspars record a more extensive port ion of the crystal l izat ion history, but in general agree
with the oxide temperatures. The biot i te composit ions suggest rather low values off ip during
terminal crystal l izat ion (400 to 800 bars), but signif icant concentrat ions of chlorine and
fluorine make this a maximum estimate. The low init ial  water content of the parent magma
accounts for the high temperature of initial crystallization.

Introduction

The distribution of NaAlSisOa between two co-
existing feldspars has long been recognized as a po-
tentially valuable geothermometric tool. Since Barth
(1934) proposed such a technique, it has been thor-
oughly discussed and a number of modifications pro- :

posed (Barth,  1951,  1956,  1962,  1970;  Dunham, l97 l :
Orvil le, 1962; Perchuck and Ryabchikov, 1968). Re-
cently, Stormer (1975) has proposed a model based
on modern feldspar thermodynamic data. This model
considers the effects of pressure, as well as non-ideal- '

i ty in alkali f leldspars, on NaAlSirO, distribution.
Before the proposed model may be accepted as a
workable geologic tool, it must be tested in a variety
of geologic settings. The current report is one in a
series of such lests (Whitney et al., 19751' Stormer and
Whitney, 1975) and is a comparison of the geo-
thermometric fristories obtained from coexisting
fe ldspa rs  w i t h  t hose  reco rded  by  coex i s t i ng
iron-titanium oxide solid solutions (Buddington and
Lindsfey, 1964) in epizonal granitic intrusions and
related volcanic rocks.

Materials studied

During petrologic and geochemical study of a por-
tion of the White Mountain Magma series within the
North Conway quadrangle, New Hampshire, several
l ithologies were encountered which afforded an op-
portunity to compare the previously mentioned geo-
thermometric techniques.

The White Mountain batholith was used by Bud-
dington (1959) as an example of an epizonal intrusive
complex. The occurrence of included blocks of con-
temporaneous volcanic rocks suggests a maximum
depth at t ime of intrusion of a few kilometers. It
therefore appears to be an ideal locale for the study of
the application of modern geothermometric tools in
the epizonal environfrent.

The North Conway quadrangle, f irst mapped in
deta i l  by Bi l l ings (1928),  conta ins a por t ion of  the
White Mountain batholith, here composed of a series
of coalesced alkalic plutons ranging in composition
from syenite to granite. These bodies are Jurassic in
age (Foland et al., 1971; Armstrong and Stump,
l97l) and have intruded igneous and regional meta-
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morphic rocks of middle Ordovician to Devonian
age. Within the batholith, isolated occurrences of the
related Moat Mountain volcanic rocks are found,
surrounded and intruded by the Conway granite and
Albany quartz syenite. The quartz syenite forms nu-
merous r ing-d ike st ructures wi th in the Whi te Moun-
tain plutonic complex (Bil l ings, 1928,1956: Kingsley,
193 | ). These ring-dike structures, in conjunction with
enclosed blocks of Moat Mountain volcanic rocks,
have been interpreted as the remnants of caldera
subsidence and may represent the remains of old

volcanic centers (Chapman, 1968). The Conway
Grani te in t rudes both the Moat  Mounta in and the
Albany formations, and is rather heterogeneous in
this region, being composed of biotite, bio-
tite-hornblende, and hornblende granites, with faya-
lit ic olivine and calcic pyroxene being present in some
lithologies.

Samples of the Albany quartz syenite and a horn-

blende granite member of the Conway granite con-
tain fayalit ic olivine, clinopyroxene, hornblende,
biotite, magnetite, i lmenite, plagioclase, alkali feld-
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spar microperthite, and quartz as major constituents.
Two representative l ithologies were chosen for de-
tailed study (see Fig. I for sample localit ies). A
sample of a volcanic flow from the Moat Mountain
volcanic rocks, exposed on the southeast side of Mt.
Kearsarge North, which contains phenocrysts of two
feldspars, magnetite, and ilmenite was also selected
for study.

Quartz trachyte fow

The volcanic sample was taken from the base of the
Moat Mountain formation exposed in a stream valley
of Weeks Brook, abbut 200 feet above the conracr.
with the Albany qudrtz syenite. The majority of the
Moat Mountain volcanic l ithologies appear to have
been tuffs, welded tuffs, or volcanic breccias (Noble
and Bi l l ings,1967).  The sample chosen,  however,  is
composed of  abundant ,  euhedral  a lka l i  fe ldspar ahd
quartz phenocrysts set in a homogeneous, dark grey,
aphani t ic  groundmass.  I t  is  homogeneous wi th un-
def,ormed phenocrysts, a homogeneous groundmass,
and conta ins no abundant  c lasts or  inc lus iohs.  I t  thus
appears to be a thin volcanic flow or very shallow
intrusive. If the extensive volcanic breccia covering
Mt. Kearsarge North is an old volcanic center, then
this unit could represent a small obsidian flow from
that source. This flow is overlain by a series of pyro-
clastic rocks rich in quartz, and appears to have been
subsequently intruded by a phase of the Albany for-
mat lon.

Upon microscopic examination, the alkali feldspar
is found to be homogeneous, with a few traces of
perthit ic exsolution. Optically, it has a moderate
negative 2V and appears to be orthoclase ofan inter-
mediate composition. Plagioclase phenocrysts are not
common, and the outer  por t ions of ten show some
sericit ization, which must be avoided during chemical
analysis. Estimates of composition using flat stage
techniques ranged from Anno to Anuo with l itt le in-
d icat ion of  composi t ional  zonat ion.

Quartz phenocrysts are commonly embayed, but
good bipyramidal terminations are sti l l  recognizable.
Microphenocrysts include ferrohastingsite-rich horn-
blende, i lmenite, and rare magnetite. One large, ap-
parently embayed, crystal of pyrite was also ob-
served.

The groundmass is  composed of  a dense,  aphani t ic
intergrowth of ferrohastingsite-rich hornblende, al-
ka l i  fe ldspar,  p lagioc lase(?) ,  and i lmeni te wi th minor
quartz. Accessories include apatite and zircon.
Sphene is found as fine-grained, polycrystall ine rims
on some i lmeni te.
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A few small inclusions of an amphibolite com-
posed of hornblende, i lmenite, and apatite are found
(autoliths?) along with fragments of other volcanic
rocks.

Chemical ly ,  the rock as a whole (Table l ,  co lumn
I ) could be termed a rhyolite, although it contains
only l2 percent normative quartz. The groundmass,
however, contains only about 1 percent normative
quartz and would better be termed a trachyte. It wil l
here be termed a "qvartz trachyte" indicating a
trachytic melt containing quartz phenocrysts, with a
bulk composition transitional between trachyte and
rhyolite.

Albany quartz syenite

The sample of the Albany formation was taken
from a road cut along the Swift River, just north of
the covered bridge on Dugway road at its intersection
wi th the Kankamungds h ighway.  I t  is  porphyr i t ic
with alkali feldspar phenocrysts set in a medium-
gray, f ine-grained groundmass. It is somewhat vari-
able in composition from quartz syenite to granite.

TrsI-r  l .  Chemical  analyses
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QUARTZ TMCIIYTE
Whole Ground

Rock Mass

s  i o -  6 5  . 9  5 6 . 7

T i o ^  0 . 9 3  L . 4 6

A1^O-  L4 ,6  L6 .4

F e ^ O ^  2 . O 5  t . 2 l

F e O  3 , 0 4  6 . L 6

MnO 0 ,18  O.34

u C O  1 . 0 0  1 . 8 9

C a O  2 . 2 2  3 . 5 1

N a ^ o  4 . 6 5  4 . 2 6

K ^ O  5 . 5 0  4 . 6 7

H ^ o +  0 . 7 6  r . 4 i

H ^ 0 -  0 " 0 9  0 , 1 5

Tota l  IO0.92  98 .22

Norutive Equivalent

Q  t z . I  1 . 0

O r  3 2  " 5  2 7  . 6

A b  3 9  . 4  3 6  . 1

A n  2 . 7  1 1 . 8

c a s i o .  3 . 5  2 , 3

M s S  i 0 .  2  . 5  4  . 8

F e S i O .  2 . 7  8 , 5
J

M r  3 . 0  1 , 8

1 1  1 . 8  2 . 8

D i fferent iat ion
I n d e x  8 4 . 0  6 4 . 7

QUARTZ SYENITE
Whole cround

Rock Mass

6 7  . 2  6 5  . 3

0 . 5 1  0 . 6 6

1 3 . 9  1 3 . 5

1 . 0 9  0 . 7 3

3 . 2 9  4 . 6 5

0 . 1 5  0 . 2 0

0 . 3 0  0 . 1 2

1 . 5 3  L  .  9 3

3 . 9 5  3 . 8 8

5  " 4 2  4 , 5 9

0 . 3 0  0 . 4 4

0 . 0 8  0 . 1 1

9 7  . 7 2  9 6 . 4 1

GRANlTE

7 0 . 2

L4.2

o . 7 4

2 4 9

0 . 1 3

0 . 0 5

1 .  1 5

5  " 7 8
0 .  1 9

0 . 0 9

1 8 . 4  t 7 . 9  2 0 . 2

3 2 . O  2 7  " r  3 4 " 2

3 3 . 4  3 2 . 8  3 5 . 3

4 . 2  5  , 9  3 . 0

r . 4  t . 6  L . 2

o . 7  1 . 0  0 , 1

4 . 5  7 . 2  3 . 6

L . 6  1 . 1  1 . 1

1 , 0  t . 3  0 . 5

7 7 . 88 3  . 8

NoXe: Aff  anaTgses bg )<RF except:  MgO and Na-O, atonic
absorpt ion ;  F &, d ipheng J-anine t  i t ra t ioh ;  totaL
H-o, watet emjssjon on fusion in Pent iefd tube-
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The sample chosen contains about l5 percent modal
quartz and should therefore be called a granite.

Microscopically, the alkali feldspar is strongly per-
thit ic. The distribution of albite lamellae is normally
quite uniform, except at the very edge of a grain. In a
few cases, however, large patches of albite are ob-
served which might be the product of replacement.
The optical orientation of the host feldspar, however,
appears to be perpendicular to that found in
phenocrysts having fine lamellae, suggesting that
these patches may be caused by sectioning nearly
parallel to the lamellae. The homogeneity in compo-
sition of the majority of the phenocrysts suggests that
they represent init ial igneous feldspar compositions
which have undergone exsolution with some possible
NaAlSirO, loss from the edge of the grains.

In addition to the obvious feldspar phenocrysts,
almost every thin-section contains one or two large,
highly rounded grains of quartz. These sparse but
ubiquitous quartz phenocrysts are probably early
phenocrysts which were partially resorbed during in-
t rus ion.

The groundmass is composed of plagioclase,
quartz, and a variety of mafic minerals. The plagio-
c lase is  commonly euhedral ,  wi th s t rong normal  zon-
ing. Flat-stage optical techniques yielded composi-
tions ranging from Anru to Anrr. Although the
plagioclase does not form phenocrysts, it appears to

have coexisted with alkali feldspar over a substantial
portion of the crystall ization history. Euhedral

plagioclase grains are found included throughout

most of the alkali feldspar. The composition of these

inclusions found in the core of alkali feldspar
phenocrysts corresponds to that of interior zones of

the free plagioclase. Those found in the outer por-

tions of the phenocrysts are commonly more sodic'

Thus it appears that the cores of the two feldspars

formed in equil ibrium with one another, and they

coexisted over most of the crystall ization history. The

disparity in size between alkali feldspar and plagio-

clase is probably caused by differences in nucleation

and growth rates rather than differences in the length

of t ime taken for crystall ization.
The majority of the mafic minerals are found in

clots composed of minor calcic clinopyroxene and

fayalit ic olivine, overgrown with ferrohastingsite-rich
hornblende and iron-rich biotite. Euhedral magnetite

and i lmeni te gra ins up to 1 mm in s ize are common in

these clots. The ilmenite, and rarely magnetite, are

also found included within feldspars and as free crys-

tals. Olivine, clinopyroxene, i lmenite, and magnetite

appear to have been early phases with hornblende

subsequently nucleating on the preexisting mafic min-
erals, and biotite forming at the very end of magmatic

crystall ization.
Accessory minerals include apatite and zircon,

Test-s 2.  Chemical  analyses of  magnet i te and i lmeni te

s io2

T io2

r-b203

F. rOaI
- ' l

Feo J

MnO

"4go
CaO

QUARTZ TRACHYTE
Mas.  I lnen i te

1 .  2 .  3 ,  4 .

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

2 3 . 7  4 9 . r  4 9 . 4  4 9 . 3

o . 2  1 . 5  0 . 7  2 . O

6 6 . t r  4 t . 4 1  4 s . z r  v . q l

ALBANY QUARTZ SYENITE
l lasnet i te  I lmen i te

5 ,  6 .  7 .  8 ,  9 .  1 0 .  1 r .

< 0 . 0 5  < 0 . 0 5  0 . 2  0 , 5  < 0 . 0 5  0 . 2  < 0 . 0 5

1 0 . 3  1 0 . 1  r 0 , 4  4 9 . 4  5 1 . 9  4 8 . 9  4 8 , 7

< 0 . 0 5  < 0 . 0 5  < 0 . 0 5  0 , 3  0 . 2  1 . 9  2 . O

g r r . t L  g z . + \  g z . z r  t t . o L  q . s r  t 7 . r t r  4 l , , r t

0 . 4  0 . 4  0 . 8  1 . 8  1 . 6  r . 7  1 . 9

< 0 . 0 5  < 0 . 0 5  < 0 . 0 5  < 0 . 0 5  < 0 . 0 5  < 0 . 0 5  < 0 . 0 5

0 . 0 1  < 0 . 0 1  < 0 . 0 1  0 . 0 1  0 , 0 1  . 9 4  . 0 . 0 1

9 5 . 2  9 3 . 0  9 3 . 6  9 9 . 0  1 0 1 . 2  9 9 . 7  1 0 0 . 0

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

4 0 . 3  3 9 . 3  3 9 . 6  4 3 . 3  4 5 , 0  4 2 . 5  4 L . 8

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

2 9 . L  2 9 . r  2 9 . 5

COMAY GRANITE
Maeneti.te Ilmenite
\ 2 .  1 3 .  1 4 .  1 5 .  1 6 .  L 7 .

0 . 1  0 . 1  0 . 1  < 0 . 0 5  0 . 1  0 . 1

7 . r  8 . 5  4 8 . 9  4 8 . 8  4 6 . 9  4 4 . 9

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

g , , . 0 1  s z . s l  , r o . r r r  , r o . t L  t r l  . l r  t t . s r

0 . 9

< 0 . 0 5

0  . 0 3

T o t a l  9 1 , 8

c  a lcu la ted

F " 2 0 3  1 3 . 0

F e O  5 0 . 5

roru f  gJ .6

1 . 3  4 . 4  9 . 8

< 0 . 0 5  < 0 . 0 5  < 0 . 0 5

0 . 0 2  0 . 0 2  0 . ) " 2

9 9 . 4  9 9 . 8  1 0 0 . 7

5 . 0  5 . 9  5 .  6

3 6 . 9  3 9 . 9  3 4 . 4

9 9 . 9  1 0 0 . 4  1 0 1 . 3

0 . 5  0 . 5

< 0 . 0 5  < 0 . 0 5

0 . 0 2  0 .  0 2

9 L . 7  9 \ . 6

5 3 ,  1  4 9  , 9

3 6 . 2  3 1 . 6

9 7 . 0  9 6 . 6

2 0 . 4  2 4 . 8

, 1  ' O  1 7  7 7

< 0 . 0 5  < 0 . 0 5  < 0 . 0 5  < 0 . 0 5

0 . 0 2  0 . o 2  0 . 0 3  < 0 . 0 1

9 9 . 5  9 9 . 9  9 8 . 9  9 8 . . .

5 . 7  5 . 8  7 . 9  r 0 . 3

4 r . 2  4 ] . . 2  40 ,6  38 .2

1 0 0 . 0  1 0 0 . 5  9 9 . 7  9 9 . 7

Usp x  100
U s p  +  r { t  7 1 . 0

Hem x 100
^ , e i n  +  I 1 m  5 . 8  6 . 3  6 , 7 6 , 3 s . 9  5 . 9  8 . 1  1 0 . 84 . I 2 , 7

f '  Totul  i ron as Feo.

2'  TotuTs of analgses cottected for excess 02 combjned with ferr ic i ron.

Note: Anafgses nos. 4 and 7.f  ate from grains included jn hornbfende, whiLe anaLgses 7, 70, and 1,6 ate fron grains incTuded

1n fefdspar.  Anafgsis numbet f7 is fron a )-arge, rounded i fmenite gtain.
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with occasional f luorite and monazite. A dark brown
iddingsite alteration is commonly associated with the
ol iv ine.

The chemical composition of the rock as a whole
(Table l, column 3) is similar to the quartztrachyte,
but is slightly depleted in sodium, calcium, and mag-
nesium. The groundmass (Table l ,  co lumn 4)  is  s im-
ilar in composition to that of the whole rock, and
both contain about 18 percent normative quartz.

Conway granite

The sample of the Conway granite studied is a
hornblende-bearing phase collected from a road cut
on the northeast side of Humphrey's Ledge. It is
medium-grained,  l ight  ye l lowish-gray,  hypid iomor-
phic-granular rock composed of alkali feldspar,
plagioclase, and quartz with a variety of mafic miner-
a ls .

Microscopically, the alkali feldspar is strongly per-
thit ic with albite lamellae evenly distributed through-
out the grains. The plagioclase is about An,o in com-
position with slight normal zoning. A few euhedral
inclusions of plagioclase are found within alkali feld-
spar .

A number of the mafic minerals are found in clots
containing clinopyroxene and fayalit ic olivine with
overgrowths of ferrohastingsite-rich hornblende and
minor iron-rich biotite. Euhedral crystals of magne-
tite and ilmenite are common, both in clots and in-
cluded in feldspar. As in the Albany sample, olivine,
clinopyroxene, i lmenite, and magnetite appear to be
early phases with hornblende and lastly biotite form-
ing during cooling.

Several large (up to 2mm), rounded, free grains of
i lmenite were found which differed chemically from
the majority of the grains. These appeared anoma-
lous both in appearance and chemistry and may have
been inherited from some other source.

Common accessories include apatite, zircon, mon-
azite, allanite, and fluorite. A dark brown iddingsite
alteration is again found associated with the olivine.

Chemical ly ,  (Table 1,  co lumn 5)  the grani te is  s im-
ilar to the Albany sample, but is somewhat richer in
normative quartz and feldspar and poorer in mafic
constltuents.

Iron-titanium oxides

with the i lmenite and hematite components of the
"ilmenite" solid solution.

Analytic procedure

Major-element analyses of cubic and rhombohe-
dral iron-titanium oxides were done on a MAC 4005
electron microprobe employing three wavelength-dis-
persive crystal spectrometers. In order to identify all
major elements, X-ray emission spectra were ob-
tained with an energy-dispersive system with a l ith-
ium-drifted sil icon scinti l lation detector and a multi-
channef analyzer providing 152 eY FWHM resolu-
tion at MnK". Standards used included synthetic
FerO, and TiOr. All analyses were corrected for ma-
trix effects using the technique of Bence and Albee
(1968) and the correction factors of Albee and Ray
(1970). Results on selected grains are summarized in
Table 2. All grains analyzed were first examined un-
der reflected l ight to assure homogeneity. A number
of t itaniferous magnetite grains show small amounts
of i lmenite exsolution near their outer edge, presum-
ably due to oxidation. Such regions were avoided
during analysis. All grains analyzed proved to be
chemically homogeneous, with no statistically signifi-
cant variation in composition being observed over
the opt ica l ly  homogeneous por t ions of  the gra ins.

Buddington and Lindsley (1964) calibrated the
magnetite-i lmenite geothermometer (Fig. 2) for a
system containing only iron, t itanium, and oxygen,
and it is not clear how the other components (such as
manganese and n iobium) should be t reated.  In  addi -
tion, there is some ambiguity as to the best procedure
for recalculating microprobe analyses, in which only
total iron can be determined.

For  th is  work,  we have adopted the procedure
given by Carmichael (1967) for recalculation. After
calculat ing the var ious mineral  components (Nb as
Nb+3 analogs of  magnet i te  and hemat i te ,  and Mn+2
and Mg+' as analogs of ulvdspinel and ilmenite), the
molar ratio of only FerOr/(FeTiOrf FerOr) and
FqOn/(FerOn*FerTiOo) were used to establish the
temperature and oxygen fugacity on Buddington and
Lindsley's curves. This in effect treats the extraneous
components as inert dilutents in the mineral solid
solutions which in the absence of more complete
information seems the most reasonable procedure
thermodvnamicallv.

Temperature and oxygen fugacities were deter-
mined using the iron-titanium oxide geothermometer Analytical results

(Buddington and Lindsley,1964). This technique de- ln the volcanic sample, i lmenite is by far the domi-
pends upon an equil ibrium of the ulvdspinel and nant iron-titanium oxide. Only one small micro-
magnetite components in "magnetite" solid solution phenocryst of magnetite was found in the polished
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Ftc.2 Fo"-T diagram for  the i ron-t i tanium oxides.  Cal ibrat ion

curves represent the hemat i te content  of  i lmeni te sol id solut ions

and the ulvdspinel  content  of  magnet ic sol id solut ions as given by

Buddington and Lindsley.  Fi l led symbols represent the composi-

tions of coexisting phases from the various lithologies. Curve ,4 is

lhe fs, -T condi t ions for  the Albany quartz syeni te and Conway

grani te samples as def ined by the assemblage ol iv ine-quartz-

magnet i te.

sections studied, along with several apparent over-
growths of magnetite on i lmenite. When plotted

against the determinative curves of Buddington and

Lindsley (Fig. 2), the coexisting microphenocrysts
indicate an equil ibration temperature of l0400C at an

/s, of l0 'o' '  bars. Such temperatures are quite high

compared to those commonly suggested for trachytic

or rhyolit ic magmas (see for example values l isted by

Carmichael et a 1., 197 4, p. 7 ). The fs 
"-Z 

con ditions do

however fall close to the curve defined by the assem-

blage quartz-fayalite-magnetite. Such conditions are

thought to be reasonable for a variety of magmatic

systems (Carmichael, 1967 ).
Both oxide phases are common in the two intrusive

l i tho logies.  Wi th in each sample most  gra ins are s im-

ilar in composition, with one notable exception. The

large, rounded ilmenite grains encountered within the
granite sample are strikingly different in that they

contain about 4 percent niobium oxide (calculated as

Nbros). These grains were not found in direct associ-

ation with magnetite, and so for the current study

were not used in defining the f6,-T conditions'
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When plotted against the curves of Buddington

and Lindsley, the oxides from the Albany quartz

syenite yield equil ibration temperatures of -690oC at

an oxygen fugacity of l0-rE bars. The values obtained

for the granite sample are similar, -680'C and l0-17 ?

bars. These temperature values are close to the solidus

for granitic rocks at low pressures (Tuttle and Bowen,

1958). It would therefore appear that the oxides in

these epizonal plutons have reequil ibrated during

crystall ization at least as long as a sil icate l iquid
phase was present, but ceased reaction at tempera-

tures near the solidus. In both cases, the "fo,-T con-
ditions fall close to the buffer curve defined by the

assem blage quartz-fay alite-m agnetite.

Comparison with the assemblage quartz-oliuine-

magnetite

The coexistence of quartz, olivine, and magnetite

in the Albany quaftz syenite and Conway granite

samples allows another check on the fs,-T condi-

tions of equil ibration. The reaction between iron end-
members is expressed by the reaction

3 SiO: * 2 Fe.O, : 6 Fe(SiO')',, * O,

/aC ' r  l r -  ' n6 - \
exn -\F/ - Kr: \*ai;t:)

Assuming that the activity of quartz is 1, the activi-

t ies of fayalite in olivine and magnetite in magnetite

solid solution may be approximated by mole fraction
and rearranging to logarithmic form, the equil ibrium

relationship of this reaction becomes.

/aco\rog lo" : -(ffi) - 6 log X,, * Zlos x-.

from which/q-Z curves may be calculated'
The olivine in each sample was analyzed using

analytic conditions similar to those employed for the

iron-titanium oxides, with analyzed olivine and syn-

thetic FerOn standards. The resulting olivine compo-

sitions, corrected for matrix effects as before, are

summarized in Table 3.
The fs"-T curves calculated for the above assem-

blages (Fig. 2) agree closely with the values obtained

from the iron-titanium oxides. This correspondence

further confirms that the determined conditions rep-

resent equil ibrium, and that the oxide compositions

have not been subsequently changed by alteration or

oxidat ion.

Equilibration temperatures of coexisting feldspars

One of the principal objectives of this work is to

establish the applicabil ity of a two-feldspar geother-
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fects, and all analyses were corrected as before using
the factors l isted by Albee and Ray (1970).

Determining the average composition of micro-
perthite in the plutonic samples presented an analytic
problem. Grains were chosen that showed fine homo-
geneously-distributed lamellae. The electron beam
was than defocused to give a broad, about 30 micron,
beam. Bulk analysis of inhomogeneous material with
homogeneous standards by broad-beam techniques
can lead to errors from matrix effects. But, in the case
of perthit ic lamellae in alkali feldspar, these effects
will be similar in each phase and in the standards, and
therefore errors should be insignificant. A series of
about 20 to 25, 2O-second counts were taken from
contiguous areas covering a portion of the grain.
These values were averaged to give a representative
analysis for the whole area. Care was taken to avoid
the very edges of grains, where albite had apparently
been lost from the grain on exsolution. Plagioclase
inclusions and large patches of NaAlSirO, which
could have been the product of replacement were also
avoided. The resulting mole fractions of NaAlSi'O,
are represented in Figure 3, with representative anal-
yses being l isted in Table 4.
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s i02

Feoo"  l

FeO .J

MnO

l"tC0

CaO

2 7  . 7  2 8 . 1  2 7  . 2

64 .9 ' ^  65 .3 t  65 .0x

2 . 6  2 . 8  2 . 6

I . 2  0 . 7  1 . 0

0 . 1  0 . 1  0 . 1

9 6 . 5  9 7 . O  9 5 . 9

2 8 . t  2 7  . 3  2 7  . 9  2 7  . 3

53 .6 *  64 ,7 ,  65 .4 . "  65 .6 -

3 . 8  3 . 8  3 . 8  3 . 8

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

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

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

Number  o f  Tons  Based on  8  (0 ) .

s i  0 . 9 7  0 , 9 8  0 . 9 7  1 . 0 0  0 . 9 7  0 . 9 8  o . 9 7

F e  1 . 9 1  1 . 9 1  1 . 9 3  1 . 8 8  1 . 9 3  r . 9 2  1 . 9 5

I l n  0 . 0 8  0 . 0 8  0 . 0 8  O . t 2  0 . I 2  0 . 1 1  O . L 2

M s  0 . 0 6  0 . 0 4  0 . 0 5  0 . 0 0  0 . 0 0  O .  O O  O .  O O

c a  0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0  O .  O 0  O .  O O

*TotaL 
i ton  as  F&.

mometer, based on the distribution of albite com-
ponent between plagioclase and alkali feldspar (Stor-
mer, 1975), to epizonal granitic rocks. By treating the
two feldspars as essentially binary solutions, and ap-
plying modern thermodynamic data for binary feld-
spar solutions, it was possible to derive an analytic
expression relating the albite content of coexisting
feldspars to temperature and pressure. Determinative
curves (see Fig. 3 ) have been previously shown to give
reasonable agreement with available ternary feldspar
experimental data and with that from volcanic rocks
(Stormer, 1975). With careful petrographic inter-
pretation, the geothermometer gives consistent and
useful informatin for mesozonal granites (Whitney el
al., 1975) and granulite facies metamorphic rocks
(Stormer and Whitney, 1975).

Analytic procedure

The mole fraction of NaAlSirO, in coexisting feld-
spars was determined in all samples by analysis for
Na, K, and Ca on the electron microprobe using
wavelength-dispersive crystal spectrometers. Energy-
dispersive X-ray spectra were again used to identify
all major elements present. Small amounts of barium
are present, but quantit ies are insufficient to affect the
current use of the data. An excitation potential of l5
kV was used and the sample current set so that vol-
ati l ization of sodium from a pure albite standard was
undetectable across a two-minute period. Each analy-
sis represents the average of a minimum of f ive 20
second counts on a sample. Analyzed natural feld-
spars were used as standards to minimize matrix ef-

c) .60
a
o
c) .50

. o
c'l

! . " o
o_

. 4 0

Xa6, Alkoli  Feld.
FIc.  3.  Alb i te d ist r ibut ion between coexist ing fe ldspars.  Tem-

perature cal ibrat ion curves f rom Stormer (1975).  Feldspar compo-

si t ions determined as descr ibed in the text .
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PtiASE

Plag ioc lase

P l a g i o c l a s e  C o r e

C o r e

I n c e r i o r  Z o n e

O u t e r  M a r g i n

O u t e r  M a r g i n

Outer l " largin

A 1 k a 1 i  F e l d s p a r

WEIGHT %
A b  O r  A n  T o t a l

QUARTZ TMCHYTE

Trnlr 4. Representative feldspar analyses formed during crystall ization of the flow, or may

represent some loss of sodium from the edge of the
grain during subsequent events.

The feldspars from the Albany quartz syenite sug-
gest a more complex cooling history. The plagioclase

shows strong normal zonation from Anno in the cores

to An2o at the edges. The alkali feldspar does not

show strong zonation, but perthite exsolution may

have masked small init ial variations. Euhedral in-

clusions of plagioclase within alkali feldspar suggest

that the two feldspars coexisted throughout most of

the crystall ization history. Equil ibration temper-

atures obtained, assuming a confining pressure of one

kilobar, range from about 1000'C for the cores to

around 700oC for the outer margins. The lowest crys-

tall ization temperatures obtained are in excellent

agreement with the iron-titanium oxide data (Table

5), and correspond to the expected solidus temper-

ature for this material. The feldspars, however, ap-

pear to record a much more extensive portion of the

crystall ization history than do the oxide phases. Ap-

parently the oxide minerals reequil ibrate during crys-

tall ization, while the feldspars do not.
The feldspars from the Conway granite sample are

less strongly zoned, with plagioclase compositions of

around Anr. Temperatures calculated from various
pairs, assuming a one kilobar confining pressure, give

a temperature of 650 to 700'C. These values are

again consistent with the iron-titanium oxide data
(Table 5), and suggest that most of the feldspar crys-

tall ization occurred over a small temperature inter-

va l .

Water fugacity and its effects on
crystallization temPeratures

As previously noted, the temperatures for oxide

equil ibration and feldspar crystall ization in the vol-

canic samples and for the first feldspar crystall ization
in the Albany quartz syenite are around 1000'C,
which is very high for crystall ization from a granitic

composition. Comparison of the quartz syenite with

the synthetic data of Whitney (1975) suggests that

feldspar could start crystall izing at such high temper-

T,qslr  5.  Compar ison of  temperature and

/s, from various methods

MOLE 7.
A b

A l k a 1 i  F e l d s p a r

Rim

QUARTZ SYENITE

5 9 . 2  2 . 5
5 7 . 0  3 . 4
5 3 . 4  3 . 0

4 5 . 8  5 0 . 3
4 9 . 7  5 0 . 4
49.5  45 .4
3 r . 8  6 r . 4

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

3 5 . 7  9 7  . 4  6 2 . 2
3 9 . 5  9 9  . 9  5 8 . 6
4 2  . 9  9 9  . 3  5 5  . 3

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

4 L . 2  9 8 . 2  5 9 . 2
3 5 . 9  9 2 . 3  6 2 . 4
3 6 . 8  9 6 . 0  6 4 . 8
2 6 . 2  9 9 . 3  7 4 . 2
2 4 . L  9 8 . 3  7 6 . 2
1 7 . 7  9 7 . 5  8 2 . O

4 1 . 9
4 4 . 7

GRANITE

5 1 . 9  r . 0  9 5 . 4  4 6 . 0
60 .2  0 .6  t o2 .7  42 .2
5 3  . 7  0 .  9  9 8 . 3  4 7  . 0

Plag ioc  1a  se

Rin

A l k a l i  F e l d s p a r 4 7 . 9  5 0 . 9  0 . 8  9 1 . 7  5 0 . 5
4 8 . 8  5 1 . 9  0 . 8  1 0 1 . 5  4 9 . 6
5 0 . 5  4 8 . 0  0 . 9  9 9 . 4  5 2 . 3
4 9 . 7  5 0 . 9  0 . 8  1 0 1 . 4  5 0 . 5
5 0 . 6  4 9 . 9  r . 0  1 0 0 . 6  5 1 . 8
5 7 . r  4 0 . 7  1 . 1  9 8 . 9  5 9 . 2

Outer  Marg in
Outer  Marg in
lnter st it ia 1

I nterp retation of results

The current model of NaAISLOa distribution re-
quires that the confining pressure at the time of equi-
l ibration be estimated. Since the intrusive environ-
ment is epizonal, and throught to have been only a
few kilometers deep, a pressure of one kilobar was

used.
Such an assumed pressure is reasonable for the

intrusive rocks, but the pressure at which feldspar
phenocrysts in the volcanics equil ibrated is not
known. Feldspars from the volcanic quartz syenite
yield temperatures of about 1000'C at one kilobar
confining pressure. These values are in excellent
agreement with temperatures obtained from the

iron-titanium oxides (Table 5). Increasing the as-

sumed pressure increases the temperature estimate by
about 20"C/kbar. It therefore appears that the feld-

spar phenocrysts must have equil ibrated at fair ' ly low
pressures, since they would otherwise yield too high a
temperature. A few grains of alkali feldspar have rims
which have lower sodium contents, yielding a lower
temperature of  about  810"C.  These r ims may have

T from T from

L i l h o l o g v  F e l d s p a r s  I e - T i  0 x i d e s

Q r z .  T r a c h y t e  1 0 9 5 - 8 1 0 o c  1 0 4 0 o c

Q r z .  S y e n i t e  1 0 6 5 - 7 L o o c  6 9 O o C

c r a n i l e  7 0 0 - 6 5 o o c  6 8 0 o c

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

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

fo2 f .o*

F e - T i  0 x i d e s

1 0 -  I 0  T b a r s

1 o - 1 8  b " . "

1 6 - 1 7 . 7 6 " . "

- u 2  t r o m

Q - 0 I - M a g  a t  T

l 0 -  L  7 . 8 b , , "

I 0 -  I 8  l b a r s
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atures only if the activity of water in the magma was
qui te low.

The occurrence of biotite in an assemblage con-
taining alkali feldspar and magnetite allows the water
fugacity to be estimated through the reaction:

KFe3AlSi3O'o(OH)' + +O,
: KAlSi3Os + FesOr * HzO

/ac. \  , .  ao. .a^" '1""oexp  - \R r i  :  ^ :  , *o , y ;n

(Wones and Eugster, 1965). Since the fugacity of
oxygen and the approximate temperature are known
for the final crystall ization of the intrusive rocks, an
approximation may be made to the water fugacity in
the late stage melts using the equation of Wones and
Eugster (1965) as modified by Wones (1912).

Chemical analyses of the biotites were determined
by microprobe analys is  under condi t ions s imi lar  to
those described previously. Since the biotite stand-
ards used were nearly identical to the unknown sam-
ples, correction for matrix effects were omitted. The
compositions obtained are l isted in Table 6. Struc-
tural formulas were calculated assuming all the iron
to be in the ferrous state, and the hydroxyl sites to be
f i l led wi th (OH,F,Cl) - .  The act iv i ty  of  magnet i te  was
assumed to be equal to mole fraction, and the activity
of potassium feldspar was calculated from the mole
fraction in alkali feldspar according to the Thompson
and Waldbaum (1969),  and Waldbaum and Thomp-
son  (1969 )  mode l .

The values for water fugacity obtained were 300 to
400 bars in the quartz syenite and up to 800 bars in
the grani te.  These.  however,  are maximum est imates.
The fluorine analyses are only approximate as the
counting statistics are poor for such low-energy radi-
ations. The biotite in both samples appears to have
formed very late in the crystall ization history. The
water fugacity calculated is therefore that obtained at
the end of crystall ization history. During the crystal-
l ization of the quartz syenite, the water activity in the
melt would increase as anhydrous phases were re-
moved. The init ial water fugacity was probably much
less, and the water content of the original melt was
probably not greater than 0.5 percent.

The quartz syenite composition is very similar to
the synthetic adamellite (R4) composition studied by
Whi tney (1975).  Two-k i lobar  data for  that  composi-
tion suggests that crystall ization of two coexisting
feldspars would occur at temperatures of about
1000'C at such low water content. Thus, the high
init ial crystall ization temperatures obtained from the
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T io^
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cores of the feldspars are consistent with synthetic
data on similar compositions with these low water
contents.

Summary and conclusions

The iron-titanium oxides and coexisting feldspars
found in these epizonal and volcanic l ithologies yield
consistent thermal histories. The volcanic sample ap-
pears to have crystall ized phenocrysts and micro-
phenocrysts at temperatures of around 1000"C. The
quartz syenite appears to have commenced crystall i-
zation at a similar temperature, but continued crys-
tall ization down to temperatures of around 700"C.
The iron-titanium oxides reequil ibrated during cool-
ing, while the feldspars did not. The granite sample
appears to have crystall ized over a short temperature
interval, with both geothermometers yielding the
same result. This temperature corresponds to the
lower temperatures from the quartz syenite.
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In conclusion, the magmas now represented by the
quartz trachyte and quartz syenite apparently origi-
nated at temperatures of 1000'C or more from a very

dry source. The Albany formation subsequently un-
derwent a long crystall ization history in the epizonal
environment as its temperature decreased to about
700"C. The granite sample studied would appear to
be a late-stage fractionation product of this crystall i-
zation, with the solidif ication of this residual melt
taking place over a narrow temperature range.

During this process, the water activity was presum-

ably increasing steadily, but even in the late stages it

was only a few hundred bars. Init ial water contents of
the magma probably did not exceed 0.5 weight per-

cent  or  so.
The oxygen fugacity in the magma was dominantly

controlled by the reaction of olivine, magnetite, and a

sil ica-rich magma, possibly in the presence of quartz.

The oxygen fugacity therefore appears to have closely
followed the quartz-fayalite-magnetite buffer curve
dur ing cool ing.

The two-feldspar geothermometer of Stormer
(1975) appears to give satisfactory results in epizonal
plutonic rocks, as long as careful petrographic obser-
vations are used to determine which phases may have
been in equi l ibr ium. In addi t ion,  some technique
must be used to determine the average composition
of perthit ic feldspars. In the case of homogeneous
microperthite, the technique of using a defocused
electron microprobe beam seems to give reliable re-

su lts.
The application of this refined tool in geother-

mometry should open the way for detailed consid-
eration of the thermal history of feldspar crystall iza-
tion in a variety of igneous occurrences.
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