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Frontispiece - Satellite view of the Josephine Peridotite, southwestern
Oregon and northern California. The peridotite is plainly outlined by
the more densely vegetated greywackes and volcanics surrounding it. The
peridotite is an alpine-type harzburgite massif covering approximately
640 km“. The peridotite was the location of the Chapman Conference on
Partial Melting in the Earth's Upper Mantle, Sept. 10-14th 1976. The
photograph is approximately 50 km across.

i1



FOREWORD

The American Geophysical Union Chapman Conference on Partial
Melting in the Earth's Upper Mantle was held September 10-14th, 1976
in southwestern Oregon. The conference included a one day meeting in
Brookings Oregon and a 3 1/2 day field trip to the Josephine Peridotite.
Fifty-two scientists and students from the U.S. and abroad attended and
twenty-four papers were presented.

__ The purpose of the conference was to bring together scientists
working on the processes involved in the formation of magmas in the
laboratory with those workers who are looking for evidence of magma
generation in the field. The Josephine Peridotite was chosen as the
site for the conference as it consists of some 640 km“ of relatively
fresh upper mantle peridotite. This peridotite massif contains many
features which may be products of the melting process, and has been
studied in some detail by the convenor.

This volume presents the results of the Chapman Conference with
the intent of providing a review of current and past research on magma
generation. The papers cover a diversity of topics and should provide
the reader with a fairly broad perspective on the problems involved in
studying the origin of magmas.
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1. EXPERIMENTAL MELTING STUDIES

SOLUBILITY OF VOLATILES IN SILICATE MELTS UNDER THE PRESSURE AND
TEMPERATURE CONDITIONS OF PARTIAL MELTING IN THE UPPER MANTLE

Bjgrn O. Mysen
Geophysical Laboratory
Carnegie Institution of Washington
Washington, D.C. 20008

Abstract

Available data on the solubility of H20, COp, and SO0 in silicate
melts at high pressure are reviewed. It is emphasized that (1) the solu-
bility of H20 is several times greater than that of both C02 and S02;

(2) the solubility of Hp0 is essentially dependent only on pressure, where-
as the solubilities of COy and S02 probably depend on temperature and bulk
composition in addition to pressure. The solubilities of carbon dioxide
and sulfur dioxide increase with both increasing pressure and increasing
temperature. The solubility of C02, and possibly that of S0, are also
positively correlated with the basicity of the melt.

Because of the large difference in the solubility of H20, COz, and
S0y, partial melting of a volatile-bearing mantle will result in a residue
that is most strongly enriched in the volatile component that is the least
soluble in silicate melt. Such vapor fractionation becomes more effective
the more acidic the magma.

Some models of partial melting and fractional crystallization in a
volatile-bearing upper mantle are reviewed in the light of solubility
mechanisms of H20 and COp in silicate melts and the different relative
solubilities of the volatile components in the melts.

Introduction

Evidence from fluid inclusions in mantle-derived minerals and the
presence of hydrous and carbonate minerals (see Irving and Wyllie, 1975,
for review) indicate the presence of C0Op and H20 in the mantle. The pre-
dominant species in volcanic gases are H20, CO2, and S02 (Nordlie, 1971;
Anderson, 1975; Gerlach and Nordlie, 1975a,b,c), suggesting that S02, in
addition to CO02 and H20, may occur in the upper mantle.

Data on phase relations of volatile-bearing silicate systems .
relevant to partial melting in the upper mantle have led to the suggestion
that H20 and COp may be important in controlling the compositions of
partial melts of volatile-bearing peridotite at high pressure and temper-
ature (Kushiro, Yoder, and Nishikawa, 1968; Kushiro, 1969, 1972, 1975;
Eggler, 1973, 1974, 1975, 1976; Mysen and Boettcher, 1975a,b; Huang and
Wyllie, 1974; Wyliie and Huang, 1975, 1976; Brey and Green, 1975). Data on
the solubility of the volatiles in silicate melts and an understanding of
- the solubility mechanisms are necessary for evaluating models of magma



genesis in the upper mantle. This paper presents a review of recent data

on the solubility of volatiles in such melts and gives comments on some
models for magma generation (partial melting and fractional crystallization)
in a volatile-bearing upper mantle. '

Solubility Data

Recently, a considerable amount of data on the solubility of H20
and COp in both simple model and natural complex silicate melts has ’
accumulated. The solubility of sulfur species at pressures and temperat-
ures corresponding to the upper mantle has not been determined experiment-
ally, largely because of severe experimental difficulties. .Some very
recent preliminary results (B.0. Mysen and R.J. Arculus, unpublished data)
are presented and discussed. The main emphasis in this review, however, is
on the solubility of H20 and CO02 under pressure and temperature conditions
relevant to magma genesis in the upper mantle.

Water Solubility

The first data on Hy0 solubility in natural rock melts at high
pressures were published by Goranson (1931). Hamilton, Burnham, and Osborn
(1964) found that their solubility data for basalt and andesite to PH20 =
6 kbar were consistent with the model of water solubility of Wasserbulg
(1957), who suggested that water dissolved in silicate melts by forming OH™
through interaction between H20 and bridging oxygen in the silicate melt.
On the basis of thermodynamic data on H0 at high pressures and temper-
atures (Burnham, Holloway, and Davis, 1969) and on hydrous silicate melts
to 10 kbar and 1100°C (Burnham and Davis, 1971, 1974), Burnham (1974, 1975)
concluded that the simple concept of OH™ formation in the melt does not
adequately explain the experimental data. Burnham (1974, 1975), therefore,
proposed a new model for H»0 solubility in silicate melts at high pressure.
Burnham (1974) found that for H20 contents of melts up to 50 mole %, the
solubility of H20 (mole fraction of H20 in melt, xg 0”) was proportional to
the square root of the water fugacity, fHpo. With anom > 0.5, the
water solubility was found to vary exponentially with fy,43" (Fig. 1).
Burnham (1974) thus proposed the following two idealized®solubility mech-
anisms for H20, using the system NaAlsi30g-H,0 as example:

For XHZOm i 0.5,

NaAlsijO0g(m) + HpO0(v) = AlSiz07(OH) (m) + NaOH (m) (1)
For XHzOm > 0.5, ‘
AlSi307(OH) + nHy0(v) = AlSi307(OH)2n+l(m) (2)

This model was used successfully to predict Hy0 solubility for a variety of
silicate melts to at least 10 kbar pressure (Burnham, 1975). Burnham (1974)
also showed that, provided the components of the melt are chosen approp-
riately, the molar solubility of H20 does not depend on bulk composition of
the silicate melt, at least within the pressure and temperature range
studied by him and coworkers (< 10 kbar and < 1100°C). It is, however,

possible that at pressures in excess of 10 kbar, water may also dissolve
as molecular H,0 (Hodges, 1974).
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"Fig. 1. Mole fraction of Hy0 in

albite melt (XH OAb melt) as a
function of fH20 at 10 kbar and 1100°C

Solution of H0, accord-
ing to the model of Burnham (1974,
1975), greatly modifies the sili-
cate melt structure by breaking up
-0-(Al1,Si)-0- polymers. Independ-
ent evidence in support of this
idea has been obtained by deter-
mination of infrared spectra of
Hy0-bearing melts quenched at high
pressure (Orlova, 1964; Velde and
Kushiro, 1976), by comparison of
data on the viscosity of hydrous
and dry silicate melts at high
pressure (Shaw, 1963; Burnham,
1963; Kushiro, Yoder, and Mysen,
1976), and by determination of the
effect of Hy0 on shifts of crit-
ical liquidus boundaries in sili-
cate systems relevant to rock-
forming processes in the mantle
(see Kushiro, 1975, for review).

Large quantities of H;0
can be dissolved under pressure
conditions corresponding to those

of the upper mantle. Data of
Boettcher and Wyllie (1969),
Burnham and Davis (1971, 1974),

and Rosenhauer and Eggler (1975)
showed that the solubility in
typical melts may increase from
about 10 wt. near 10 kbar to
about 30 wt. at 30 kbar. On a
weight basis, there is a compos-
itional dependence of H,0 solub-
2a), but recalculated
to molar solubility
using the method

3
%

(data from Burnham and Zavis, 1974). ility (Figq.
T=11('JO°C
8 oBasalt
xAndesite 1
*Albite

Pressure kbar

described by Burnham
| (1974), this comp-

; ositional dependence
becomes negligible
(Fig. 2b). The
temperature depend-
ence of H,0 solub-
ility in silicate
melts is also small

/ (Kadik, Lebedev, and
Khitarov, 1971;

// Burnham and Davis,
1 1974) and apparently

negative at pres-
sures below 10 kbar
and temperatures

Wt %

Mole %

below 1100°C. At
higher pressures and
temperatures, the

40 60

Fig. 2. Solubility of H50 in basalt, andesite, H,0 content of sili-
and albite melts (data from Hamilton, Burnham, and cate melts may
Osborn, 1964; Burnham and Davis, 1974). (a) Wt. % increase with
Hp0; (b) mole % H,0 (calculated according to the increasing temper-

scheme proposed by Burnham, 1974).

ature (XKadik,



Lebedev, and Khitarov, 1971). Unf
temperature dependence of water so
making a detailed comparison with

Carbon Dioxide Solubility

The importance of CO0,
with respect to the melting
relations of mantle rocks has
recently been realized (Eggler,
1973, 1974, 1975, 1976; Mysen and
Boettcher, 1975a,b; Brey and
Green, 1975; Maalde and Wyllie,
1975; Huang and Wyllie, 1974;
Wyllie and Huang, 1975, 1976).

A considerable amount of data on
CO02 solubility in silicate melts
has accumulated since then (Fggler
1973; Mysen, 1975, 1976a,b; Kadik
and Eggler, 1975; Eggler, Mysen
and Seitz, 1974; Mysen, Arculus,
and Eggler, 1975; Mysen et al.,
1976; Holloway, Mysen and Eggler,
1976). The solubility of CO02,

in contrast to that of H3y0

. depends strongly on bulk
composition and temperature.
Furthermore, the amount of CO0)
that can dissolve in a silicate
melt is much smaller than that

of H20 at the same pressure

and temperature (Fig. 3).

A
solubility

comparison of CO03

in jadeite and diopside
melt (Fig. 4) reveals a direct
dependence on the bulk composi-
tion of the melt. A more
dramatic illustration of this
effect has been observed in
melts. in the compositional range
28-65 wt. % Mg2Sil0g4 along the
join Ca28i04-MgpSi0O4 (Fig. 5).

In analogy with the crystalline
counterparts, melts along this
join are probably polymerized
only to a small degree. The
solubility of C02 increases

. rapidly, however, as the larnite
component of the melt increases.
Carbon dioxide solubility is also
positively correlated with the
proportion of basic oxide of
fixed composition (e.g., Naj0)

as shown in Fig. 6 for albite,
jadeite, and nepheline melts.

The solubility curves for melts
with less than 14 mole % Na0
(albite) are dashed because

of lack of data.

ortunately, systematic studies of the
lubility at Pgpo > 10 kbar are scarce,
other volatiles difficult.
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Fig. 3. Solubility of H»0 and CO2 in
CaMgSi;0g melt to 30 kbar. H20 data

along the diopside solidus from Rosen-

hauer and Eggler (1975). COy data at
1625°C from Mysen et al. (1976).
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Fig. 4. Carbon dioxide solubility in

CaMgSiz0g and NaAlSipOg melts to 30 kbar
at 1625°C (data from Mysen et al., 1976;
Mysen, 1975).
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Carbon dioxide contents of all melts studied thus far show some
increase with increasing temperature. In most cases, the rate of
increase, (chozmelt/dT)p, increases with increasing pressure (Fig. 7a)
-- that is (d2xcopmelt/drdp) > 0. 1In general, (dXcopmelt/dT)p and
(decozmelt/deP) also increase with increasing basicity* of the melt
(Fig. “7b). 1Increasing basicity of a silicate melt is usually correlated
with a decreasing degree of polymerization. For example, jadeite melt is
less polymerized than albite melt, and as can be seen from the data in Fig.

7b, (dxgo,J4 melt/gry , > (chozAb melt/dT)p and

(d2Xc02Jd melt/grdpy > (dZXCOZAb melt/dep).
Holloway, Mysen, and Eggler (1976) have recently shown, however, that there
is an upper limit to the positive temperature dependence of CO02 solubility.
Silicate melts approach a structural state of random disorder with
increasing temperature (Adam and Gibbs, 1965). It has been proposed
(Holloway, Mysen, and Eggler, 1976; Mysen et al., 1976) that the positive
temperature dependence of the solubility of carbon dioxide in silicate
melts is caused by an increasing activity of the oxygen ion with increasing
temperature. Therefore, the amount of carbonate in the melt increases with
increasing temperature. After the melt is completely depolymerized,
however, further increase in temperature may result in decreasing temper-
ature dependence of the C02 solubility. This tendency is observed along
certain portions of the join La-Fo and for natural olivine melilite neph-
elinite (Fig. 8) at very high temperatures (> 1700°C).

In all likelihood,

partial melting in the upper
T T T mantle occurs in the presence of
multicomponent volatiles (bound
in minerals or as a separate
vapor phase), as evidenced, for
example, by the presence of both
H20 and CO02 in volcanic gases
(Anderson, 1975). Data on the
solubility of CO, in hydrous
silicate melts have been obtain-
ed by Eggler (1973, 1974); Kadik
and Eggler (1975); Mysen,
Arculus, and Eggler (1975);
Mysen et al. (1976); and Mysen
7 (1976b) . All these data show
that C02 solubility in melts is
affected by the presence of
! dissolved Hy0. In Fig. 9a,b,
the solubility of CO in hydrous
1LMB —L L ! . nepheline melts is shown as a

1700

Temperature, °C
*
o
o
L}

.
wn
o
o
T

t Wt % CO 8 - 12 function of molar C02/(COp +
o LU2
H70), pressure, and temperature.
It is clear that dissolved H20
Fig. 8. Temperature inversions of CO; results in an increase in the
solubility. (Data on the Fo-La join CO0y solubility; the CO2 solubil-
from Holloway, Mysen, and Eggler, 1976. ity curves pass through a
Data on natural olivine melilite neph- maximum as the fy,p is increased
elinite (OM1l) from Mysen, Arculus, and before the effect“of dilution of
Eggler, 1975, and unpublished data.) the CO02 vapor by H0 lowers the

saturation COp content of the
. ) melt. In Fig. 10, both H,0 and
CO0p contents of albite melt in equilibrium with a (CO02 + H,0)-bearing
vapor are shown. 1In contrast to the C-shaped COy solubility curves, the
H20 solubility decreases continuously with increasing activity of CO»

* Basicity 1is defined as molar proportion of basic oxide in the melt
(Pearce, 1964).
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function of molar CO03/(COy +
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(decreasing activity of Hy0).

Three major types of silicate
partial melts can be formed from a perido-
tite + Hy0 + COp source (Mysen and Boett-
cher, 1975b; Eggler, 1974, 1975). These
melts are andesitic under Hp0-rich cond-
itions, tholeiitic with approximately equal
proportions of C02 and H20, and olivine
nephelinitic (or olivine melilite nephel-
initic) with molar CO, > molar Hy0. Mysen,
Arculus, and Eggler (1975) measured the CO03
solubilities in such melts under both H,0-
free and hydrous conditions. Some of their
data are reproduced in Fig. 11, showing
that the solubility of CO, in natural rock
melts closely resembles that in simple
systems such as those already discussed.

Albite melt may be used to illus-
trate the difference in solubility behavior
of Hy0 and C0Op in silicate melts, and to
explain the effect of H20 on COp solubility
as well as the effect of COp on Hy0 solu-
bility. By studying infrared spectra, it
has been shown (Mysen, Arculus, and Eggler,
1975; Mysen et al., 1976; Mysen, 1976a,b)
that in both Hp0-free and hydrous silicate
melts carbon dioxide dissolves both as
molecular COy and_as C032‘ anion. The
proportion of C032‘ increases with increas-
ing temperature, increasing basicity, and
decreasing pressure. Mysen (1976b) also
noted that the proportion of carbonate in
albite melt increases in hydrous melt
relative to anhydrous melt. Bicarbonate
was never observed.

Solution of H,0 in albite melt can be illustrated with equations

- (1) and (2).
Mysen (1976Db)

2NaAlSi308(m) + H20(U) + CO2(v) = 2AlSi307(OH) (m) + Na2C03(m)

Solution”of CO0, in hydrous albite melt was illustrated by
by the equation

(3)
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whereas solution of CO, in anhydrous albite melt (predominantly molecular
C0p) is approximated by the equation

YNaAlSiz0g(m) + XCOp(v) = YNaAlSi3Og(m) + C02(m) + (X - 1)C0y(v) (4)
where ¥ > 1 and Y > 1.

The formation of carbonate in the presence of HyQ results from the
stabilization of NajCO03(m) by exchanging OH™ [eq. (1)] with carbonate. The
maxima on the CO, solubility curves occur where all exchangeable cations
(e.g., Na,0; see also Burnham, 1975) have been used to stabilize carbonate
(Mysen, 1976b). Even higher szO than that required to reach the maximum
CO0, solubility results in lowering of the CO; solubility because of the
dilution effect on CO, of Hp0. Consequently, the solubility maximum seen
in Fig. 9, as in all other hydrous silicate melts studied (Eggler, 1973,
1974; Mysen, 1975, 1976b; Kadik and Eggler, 1975; Mysen, Arculus, and
Eggler, 1975; Mysen et al., 1976), would be expected.

Sulfur Dioxide Solubility

The role of sulfurous gas species in the mantle is less well known
than that of C02 and H»0. Sulfides occur in peridotite nodules from
kimberlite and alkali basalts (White, 1966; Harris, 1972; Bishop, Smith,
and Dawson, 1975). The levels of fg, and f0, required to stabilize S0,
relative to reduced sulfur species, ﬁowever, are known only for pressure
conditions near 1 atm (Gerlach and Nordlie, 1975c), where COy, S0p, and HyO0
appear to be the stable species in equilibrium with basaltic melts. In
view of these observations, a few preliminary experiments on the solubility
of SO0 in albite melt have been carried out at 15-30 kbar pressure (Mysen
and Arculus, unpublished data) using sulfur-35 as the source of beta
particles for beta-track mapping of sulfur in quenched glasses (Mysen and
Seitz, 1975).

The solubility data for SO0 in albite melt are shown in Fig. 12
and compared with the solubilities of H,0 and CO in similar melts and
under similar conditions in Fig. 13. The S02 solubility curves resemble
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melt as a function of temperature and
pressure (Mysen and Arculys, unpub-
lished data).

those of COj; S0, contents increase
with increasing temperature and with
increasing pressure. The solubility
of S0, is even lower than that of
C0p, probably reflecting the larger
size of the S0, molecule.

Discussion

The different effects of
H,0 and COp on phase relations of
peridotitic systems under upper
mantle conditions can be understood
by considering the different solub-
ility mechanisms of the two compon-
ents in silicate melts.: Solution of
H,0 results in breakage of bridging
oxygens in tetrahedral polymers,
whereas solution of C0O, results in
an increasing degree of polymeri-
zation of the silicate melt.
Consequently, liquidus boundaries
between two crystalline phases
having different degrees of poly-
merization (e.g., olivine and ortho-
pyroxene) will be shifted toward the
silica-rich side of the system with
increasing activity of H,0.
Increasing activity of C0p results
-in a shift toward the
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strong positive temperature dependence of the CO, solubility and by the
lower solubility of COp compared with H»0. A consequence of this situation
is that, if for example a (COp + H,0)-bearing magma (e.g., tholeiite)
initially precipitates olivine, as the result of crystallization (even
under near constant temperature conditions), rapidly increasing activity of
C0, at high pressures may result in an abrupt change to orthopyroxene
crystallization. Thus, the residual liquid may initially fractionate
toward more silica-rich compositions and then trend toward silica under-
saturation. FEggler (1974) suggested that this principle may be the cause
of the evolution from tholeiitic to nephelinitic melts in Hawaii, for
example.

Even though data on sulfur -solubility are scarce, it is suggested
that during partial melting in the upper mantle in the presence of H30,
C02, and S02, the melt is richer in H20 than in C02, and probably richer
in C02 than in S0j3. The coexisting vapor will show relative enrichments
opposite to those of the melt. This effect is called vapor fractionation.

Because CO, solubility (and perhaps S0, solubility) increases with
increasing basicity, whereas the compositional effect on H20 solubility is
relatively small, the effectiveness of vapor fractionation will decrease
the more basic the melt. For example, Eggler (1973) showed that at 20 kbar
albite melt with molar CO,/(CO2 + H20) = 0.05 could coexist with vapor of
C02/(C0p + H20) = 0.75. He also showed that diopside melt at the same
pressure has a molar C03/(CO0p + H20) between 0.4 and 0.3 when coexisting
with a vapor of 0.75. The actual C0O0 saturation contents of the two
liquids were 0.9 and 3.5 wt. %, respectively, for albite and diopside melts.
Nevertheless, vapor fractionation is significant in controlling the
evolution of a melt-crystal-vapor system even for basic magmas such as
nephelinite (CO) solubility is about 50% higher than in diopside melt under
similar physical conditions).

A consequence of the principle of vapor fractionation is that
partial melting of a (CO02 + Hy0)-bearing peridotite mantle will result in
enrichment in CO2 in the residual mantle, whereas the melt itself is
enriched in H,0. This C0p is probably retained in the mantle as a carbon-
ate (Eggler, 1976; Eggler, Kushiro, and Holloway, 1976). In fact, accord-
ing to the latter authors, stabilization of carbonate in the residual
mantle results in greater enrichment of H70 over CO2 in the partial melts
than when in equilibrium with COz-rich vapor. Thus, partial melting
results in preferential depletion of H20 in the upper mantle. It would be
expected that this process will result in an upper mantle that is hetero-
geneous with respect to vapor components. Some consequences of such a
possibility for the evolution of magmas in island arcs have been discussed
by Mysen, Arculus, and Eggler (1975). Similarly, Mysen and Boettcher
(1975b) utilized this principle to model the genesis of nephelinitic magmas
associated with kimberlite.

Acknowledgements

Reviews by Drs. D.H. Eggler, B. Watson, and H.S. Yoder, Jr., are
appreciated.



References

Adam, G., and J.H. Gibbs, On the temperature dependence of cooperative
relaxation properties in glass-forming liquids, J. Chem. Phys., 43,
139-146, 1965.

Anderson, A.T., Some basaltic and andesitic gases, Rev. Geophys., 13, 37-57,
1975.

Bishop, F.C., J.V. Smith, and J.B. Dawson, Pentlandite—magnetite inter-
growth in deBeers spinel lherzolite: Review of sulfides in
nodules, Phys. Chem. Earth, 9, 323-337, 1975.

Boettcher, A.L., and P.J. Wyllie, Phase relationships in the system
NaAlSi04-S5i05-H0 to 35 kilobars pressure, 4m. J. Sci., 267,
875-909, 1969.

Brey, G., and D.H. Green, The role of COp in the genesis of olivine
melilitite, Contrib. Mineral. Petrol., 49, 93-103, 1975.

Burnham, C.W., Viscosity of a water-rich pegmatite melt at high préssures
(abstr.), Geol. Soc. Am. Spec. Pap. 76, 26, 1963.

Burnham, C.W., NaAlSi30g-H,0 solutions: A thermodynamic model for hydrbus
magmas, Bull. Soc. Fr. Mineral. Cristallogr., 97, 223-230, 1974.

Burnham, C.W., Thermodynamics of melting in experimental-silicate—volatile
systems, Geochim. Cosmochim. Acta, 39, 1077-1084, 1975.

Burnham, C.W., and N.F. Davis, The role of Hy0 in silicate melts. I. P-V-T
relations in the system NaAlSi30g-H,0 to 10 kilobars and 1000°C,
Am., J. Sei., 270, 54-79, 1971.

Burnham, C.W., and N.F. Davis, The role of Hj50 in silicate melts. II.
: Thermodynamic and phase relations in the system NaAlSi30g-H0 to
10 kilobars, 700° to 1100°C, Am. J. Sci., 274, 902-940, 1974.

Burnham, C.W., J.R. Holloway, and N.F. Davis, Thermodynamic properties of
water to 1000°C and 10,000 bars, Geol. Soc. Am. Spec. Pap. 132,
96 p., 1969.

Eggler, D.H., Role of CO in melting processes in the mantle, Carnegie
Inst. Washington Yearb. 72, 457-467, 1973.

Eggler, D.H., Effect of COp on the melting of peridotite, Carnegie Inst.
Washington Yearb. 73, 215-224, 1974.

Eggler, D.H., Peridotite-carbonatite relations in the system Ca0-Mg0-SiOy-
C0p, Carnegie Inst. Washington Yearb. 74, 468-474, 1975.

Eggler, D.H., ﬁoes C0, cause partial melting in the low velocity layer of
the mantle?, Geology, 2, 69-72, 1976.

Eggler, D.H., I. Kushiro, and J.R. Holloway, Stability of carbonate
minerals in a hydrous mantle, Carnegie Inst. Washington Yearb. 76,
631-636, 1976.

Eggler, D.H., B.O. Mysen, and M.G. Seitz, The solubility of CO0, in silicate

~liquids and crystals, Carnegie Inst. Washington Yearb. 73, 226-
228, 1974.

11



Gerlach, T:M., and B.E. Nordlie, The C-0-H-S gaseous system. Part I.
Composition limits and trends of basaltic gases, Am. J. Sct.,
275, 353-376, 1975a.

Gerlach, T.M., and B.E. Nordlie, The C-0-H-S gaseous system. Part II.
Temperature, atomic composition, and molecular equilibria in
volcanic gases, 4m. J. Sei., 275, 377-394, 1975b.

Gerlach, T.M., and B.E. Nordlie, The C-0O-H-S gaseous system. Part III.
Magmatic gases compatible with oxides and sulfides in basaltic
magmas, Am. J. Sei., 275, 395-410, 1975c.

Goranson, R.W., The solubility of water in granite magmas, 4m. J. Sct.,
5th ser.,, 22, 481-502, 1931. : :

Hamilton, D.L., C.W. Burnham, and E.F. Osborn, The solubility of water and
effects of oxygen fugacity and water content on crystallization
in mafic magmas, J. Petrol., 5, 21-39, 1964.

Harris, J.W., Black material on mineral inclusions and in internal
fractures in diamond, Contrib. Mineral. Petrol., 35, 22-33, 1972.

Hodges, F.N., The solubility of H0 in silicate melts, Carnegie Inst.
Washington Yearb. 73, 251-255, 1974. .

Holloway, J.R., B.O. Mysen, and D.H. Eggler, The solubility of COjp in
llqulds on the join Ca0-Mg0-SilOjy- C02, Carnegie Inst. Washington
Yearb. 75, 626-630, 1976.

Huang, W.-L., and P.J. Wyllie, Eutectic between wollastonite II and calcite
‘ contrasted with thermal barrier in Mg0-Si02-COp at 30 kilobars
with applications to kimberlite-carbonatite petrogenesis, Earth
Planet. Seci. Lett., 24, 305-310, 1974.

Irving, A.J., and P.J. Wyllie, Subsolidus and melting relations for
calcite, magnesite on the join CaC03-MgCO03 to 36 kb, Geochim.
Cosmochim. Acta, 39, 35-53, 1975.

Kadik, A.A., and D.H. Eggler, Melt-vapor relations on the join NaAlSi30g-
H,0-C0p, Carnegie Inst. Washington Yearb. 74, 479-484, 1975.

Kadik, A.A., E.B. Lebedev, and N.J. Khitarov, The water in magmatic melts :
(in Russian), "Nauka" Publishers, Moscow, 265 p., 1971.

Kushiro, I., The system forsterife—diopside—silica with and without water
at high pressures, Am." J. Sei., 267-4, 269-294, 1969.

Kushiro, I., Effect of water on the composition of magmas formed at high
pressures, J. Petrol., 13, 311-334, 1972.

Kushiro, I., On the nature of silicate melts and its significance in magma
genesis: Regularities in the shift of liquidus boundaries
involving olivine, pyroxene and silica minerals, 4m. J. Sei., 275,
411-431, 1975.

Kushiro, I., H.S. Yoder, Jr., and B.O. Mysen, Viscosities of basalt and

andesite melts at high pressures, J. Geophys. Res., 81, 6351-6356,
1976.

12



Kushiro, I., H.S. Yoder, Jr., and M. Nishikawa, Effect of water on the
melting of enstatite, Geol. Soc. Am. Bull., 79, 1685-1692, 1968.

Maalge, S., and P.J. Wyllie, The join grossularite-calcite through the
system Ca0-Al;03-Si0,-C0p at 30 kilobars: Crystallization ranges
of silicates and carbonates on the liquidus, Farth Planet. Sct.
Lett., 28, 205-208, 1975. .

Mysen, B.O., Solubility of volatiles in silicate melts at high pressure and
temperature: The role of carbon dioxide and water in feldspar,
pyroxene and feldspathoid melts, Carnegie Inst. Washington Yearb.
74, 454-468, 1975.

Mysen, B.0O., Coordination changes of aluminum in silicate melts: Evidenée
from data on carbon dioxide solubility in albite melt, Carnegie
Inst. Washington Yearb. 75, 621-623, 1976a.

Mysen, B.O., The role of volatiles in silicate melts: Solubility of carbon
dioxide and water in feldspar, pyroxene and feldspathoid melts to
30 kbar and 1625°C, 4Am. J. Sei., 276, 969-996, 1976b.

Mysen, B.0O., R.J. Arculus, and D.H. Eggler, Solubility of carbon dioxide
in natural nephelinite, tholeiite and andesite melts to 30 kbar
pressure, Contrib. Mineral. Petrol., 53, 227-239, 1975.

Mysen, B.O., and A.L. Boettcher, Melting of a hydrous mantle. I. Phase
relations of natural peridotite at high pressures and temperatures
with controlled activities of water, carbon dioxide and hydrogen,
J. Petrol., 16, 520-548, 1975a.

Mysen, B.O., and A.L. Boettcher, Melting of a hydrous mantle. II. Geo-
; chemistry of crystals and liquids formed by anatexis of mantle
peridotite at high pressures and high temperatures as a function
of controlled activities of water, hydrogen and carbon dioxide,
J. Petrol., 16, 549-590, 1975b.

Mysen, B.O., D.H. Eggler, M.G. Seitz, and J.R. Holloway, Carbon dioxide in
silicate melts and crystals. I. Solubility measurements, Am. J.
Set., 276, 455-479, 1976.

Mysen, B.O., and M.G. Seitz, Trace element partitioning determined by beta-
track mapping -- an experimental study using carbon and samarium
as examples, J. Geophys. Res., 80, 2627-2635, 1975.

Nordlie, B.E., The composition of magmatic gases of Kilauea in the near
surface environment, 4Am. J. Sei., 271, 417-463, 1971.

Orlova, G.P., The solubility of water in albite melts, Int. Geol. Rev.,
6, 254-258, 1964.

Pearce, M.L., Solubility of carbon dioxide and variation of oxygen ion
activity in soda-silica melts, J. Am. Ceram. Soc., 47, 342-347,
1964.

Rosenhauer, M., and D.H. Eggler, Solution of H20 and C02 in diopside melt,
Carnegie Inst. Washington Yearb. 74, 474-479, 1975.

Shaw, H.R., Obsidian-Hy0 viscosities at 1000 and 2000 bars in the temper-
ature range 700°-900°C, J. Geophys. Res., 68, 6337-6343, 1963.

13



Velde, B., and I. Kushiro, Infrared spectra of high-pressure quenched
silicate liquids, Carnegie Inst. Washington Yearb. 76, 618-620,
1976.

Wasserburg, G.J., The effects of H20 in silicate systems, J. Geol., 65,
15-23, 1957.

White, R.W., Ultramafic inclusions in basaltic rocks from Hawaii, Contrib.
Mineral. Petrol., 12, 245-314, 1966.

Wyllie, P.J., and W.-L. Huang, Influence of mantle COp in the generation of
carbonatites and kimberlites, Nature, 257, 297-299, 1975.

Wyllie, P.J., and W.-L. Hﬁang, Carbonation and melting reactions in the
system Ca0-Mg0-Si0,-C0, at mantle pressures with geophysical and
petrological applications, Contrib. Mineral. Petrol., 54, 79-107,
1976.

14



PARTTAL MELTING OF PERIDOTITE IN THE PRESENCE
OF Hy0 and C02: PRINCIPLES AND REVIEW

David H. Eggler
Geophysical Laboratory
Carnegie Institution of Washington

Washington, D.C. 20008%*

John R. Holloway
Geochemistry Division
Department of Chemistry
Arizona State University
Tempe, Arizona 85281

Abstract

The principal volatile species in the upper mantle, H0 and COjp,
have been observed, in experimental studies, to have large opposing effects
upon composition of partial melts of peridotite. Hydrous liquids are more
silica-saturated than liquids produced in the absence of volatiles, whereas
CO0y-saturated liquids are less silica-saturated. These studies have been
conducted using relatively large amounts of volatiles. Volatiles are
thought to be present in the mantle, however, in small amounts (< 0.5 wt.
%) . For such small volatile contents, sub-soldius peridotite mineral
assemblages containing hydrous or carbonate minerals exist in zones of
invariant vapor composition (ZIVC). Because vapor is, isobarically and
isothermally, invariant in composition, isobaric melting of peridotite
occurs at the same temperature, forming the same liquid composition, regard-
less of the ratio of COp to H20 in the peridotite source region.

Isobaric T-Xcg., sections at 15 and 30 kbar for a total Hy0 + °
C0p content of 0.1 wt %7 constructed using principles derived from simple
systems, are presented as examples of ZIVC-type melting. Amphibole perido-
tite (+ vapor) at 15 kbar melts at about 1100°C to a nephelinitic liquid.
Andesitic liquid can be produced only if CO; is absent. Dolomite-phlogo-
pite peridotite (with or without vapor) at 30 kbar melts at about 1025°C to
a melilititic liquid. The presence of C02 is critical to the development
of such primary alkaline magmas. The amount of liquid produced of either
nephelinitic or melilititic composition would be small (< 5%), and would be
produced within about 50°C of the solidus temperature. For higher degrees
of melting, the amounts of volatiles present would be insufficient to
saturate the melt, and hence the effects of those volatiles would diminish,
until, at temperatures 300°-500°C above the solidus, nearly volatile-free
theoleiitic melts would be produced.

- Introduction

The principle volatile species in the upper mantle are thought to
be C0, and H,0 (for reviews see Mysen and Boettcher, 1975a; Mysen et al.,
* Now at Department of Geosciences, Pennsylvanla State University,

University Park, Pennsylvania 16802, . -
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1976). These volatiles can have a large effect upon the composition of
liquids produced by partial melting of peridotite if the liquids are sat-
urated or nearly saturated with volatiles. Saturated liquids contain about
5-30 wt. % Hy0 and CO02 (Eggler and Rosenhauer, 1977). By contrast, the
total amount of volatiles in the upper mantle is believed to be small, on
the order of a few tenths of a percent. Consequently, volatile-saturated
or nearly-saturated liquids can only be produced by relatively small deg-
rees of partial melting, at temperatures not greatly in excess of the
solidus. As a corollary, volatiles are only influential in the first few
percent melting of peridotite. That first few percent melt should not be
considered insignificant, however, for it represents the liquid in the low-
velocity zone; the liquid that, if removed, can fundamentally alter the
trace and minor-element composition of a peridotite source region; and the
liquid parental to rare but important igneous rocks.

The thesis of this paper is that near-solidus peridotite phase
relations are sufficiently complicated that few of the experiments conduct-
ed on melting of peridotite in the presence of an excess of volatiles can
be applied directly to a mantle peridotite-H,0-CO2 system where the total
volatile content is very small. This paper, therefore, begins with princi-
ples of melting of peridotite in the presence of volatiles.

Principles of Melting in Peridotite-Volatile Systems

Eggler (1973a) has analyzed simple, model systems to clarify some
of the principles of stability of volatile-bearing phases. That analysis
is extended here to systems of increasing complexity that model phase
relations of peridotite containing volatile-bearing phases.

The System A-H30

. The blnary model A-H0 involves a relatively refractory component
A, the volatile component H20, a hydrous phase H, and liquid L. The geo-
metry of the phase relations (Fig. 1) is characterized by variable compos-
ition of the liquid phase. The liquid composition is variable because
silicate melts can dissolve more H20 at high pressure than at low pressure
and because vapor-absent liquids contain less H20 than liquids in equili-
brium with vapor. In order to clarify the reactions, liquids containing
less Hy0 than H are called L] and liguids containing more Hp0 than H, Lj.
Although the relations in Fig. 1 are general, the geometry was des1gned for
the behavior of amphibole.

The phase relations of interest in Fig. 1 arise because the dehy-

dration reaction, (L), intersects the melting reaction, (H). At pressures
above that point, Il, the hydrous phase disappears, with increasing temper-
ature, because it melts. Between I and Sl' the melting reaction is

H =1y + V, because the vapor-saturated liquid Lj contains less H,0 than H.
At S1+ the vapor-saturated liquid contains as much Hy0 as H, and at higher
pressures, more H70 than H; above Sjp, the vapor- present solldus reaction
is H + V = L. (This vapor-saturated solidus is shown to change from neg-
ative to positive slope with increase in pressure. Such a change is poss-
ible because of the reduced molar volume of H,0 vapor at high pressures,
but for most silicate compositions the slope actually changes because of
phase changes in the crystalline phases (Boettcher and Wyllie, 1969)). At
pressures above S;1, H alone melts by a vapor-absent reaction at a
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modeled after melting behavior of an amphibole peridotite.
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: |

temperature higher than the vapor-present solidus reaction. Between S; and
Sp, H has a maximum temperature stability limit (e.g., P = 4.0), which
occurs at a restricted univariant reaction (Ricei, 1951, p. 29), H = L.

For this simple system, the restricted univariant reaction is a congruent
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reaction, generated by compositional coincidence of H and L.

At pressures above singular point S,, all liquids coexisting with
H contain more H,0 than H; hence H melts incongruently and has no temper-
ature maximum of stability (e.g., the section at P = 7.4, Fig. 1). Final-
ly, at Iy, the vapor-absent meltlng reaction intersects the vapor-saturated
solidus, so that at high pressures H is stable only in the subsolidus
region (e.g., the section at P = 9.6).

The System A-B-H,0

This system (Fig. 2) contains an additional refractory component
B. Liquids containing increasing amounts of H30 are called L;, Lp, and Lj
to define three separate vapor-absent reactions, as indicated in the inset
in Fig. 2. Liquid compositions have been labeled on diagrams where they .
unambiguously conform to the labeling convection. As in Fig. 1, isobaric
sections have been constructed, in this case (Fig. 2) for a pseudobinary
join.

It was shown in A-H,0 (Fig. 1) that H melted congruently or in-

congruently, depending upon pressure. In gfg?Hzo, H melts by a congruent-
like reaction (as at P = 5.0, Fig. 2) or by an incongruent-like reaction
(as at P = 8.4, Fig. 2). The congruent-like melting of H is not truly

congruent, because the temperature maximum in this system (and in all
systems with more than one refractory component) occurs at a restricted
univariant reaction that is restricted by virtue of collinearity of phase
composition, not by virtue of compositional coincidence, as in Fig. 1.
Such maxima have been found in systems involving melting of zoisite
(Boettcher, 1970), phlogopite (Yoder and Kushiro, 1969; Modreski and
Boettcher, 1972), and pargasite (Followay, 1973).

Systems with additional refractory components could be construct-
ed. Inasmuch as the principles developed for A-H;0 are also found in A-B-
H,0, they should, however, also be found in systems with more refractory
components. Indeed, the simple pseudobinary joins in Fig. 2 closely model
melting features of rocks containing variable amounts of Hy0 (e.g.,
Robertson and Wyllie, 1971).

The System A-H20-C0»

A-H,0-C0, with one volatile-containing phase. This system (Fig.
3) is built upon the principles established previously. With addition of
C0p, there are two phases of variable composition, liquid and vapor. The
distribution of volatiles between liquid and vapor is modeled after
crystal-liquid-vapor relations determined for a number of silicate compos-
itions (Eggler, 1973b, 1975a; Kadik and Eggler, 1975; Eggler and Rosen-
hauer, 1977). ) .

Phase relations for the subsystem A-H20 are the same as in Fig. 1,
except that relations involving the low-pressure singular point S; (Fig. 1)
are omitted for simplification. Points analogous to S; probably occur
below 2 kbar (e.g., Yoder and Kushiro, 1969, for phlogopite; or Holloway,
1973, for pargasite), pressures not relevant to peridotite melting in the
mantle. An example of a system without a low-pressure singular point is
KalSi30g-Alp03-Hp0 (Huang, Robertson and Wyllie, 1973).

18



m-
>
Py
Z

101 8 / B
v
'() VA V]
84 .
8
A v C) 7
6 (A)HB+V =L L

/
B) H+V=A+Lz

VA \

1 TA
+L

A HL+V it
TH+L+B
e I,
A+B H+B+V,
i
X H0

A rHL,

Fig. 2. Phase relations in the model system A-B-H30,
including a P-T projection; isothermal, isobaric sections;
and g-composftion sections for the pseudobinary join x-H,0,
where x is a composition on the A-B join. P, T, and compos-
ition scales are arbitrary. Lined areas in sections are
subsolidus regions, and stippled areas are regions where
hydrous phase H coexists with liquid. There is continuous
solution between liquid fields Lj, L2, and L3 at approp-
riate temperatures; those liquids have been labeled to
separate vapor-absent reactions. The system is theoretical
but has been modeled after melting behavior of an amphibole
peridotite.

The subsolidus assemblage A + H + V is key to an understanding of
the ternary melting relations. Such an assemblage has been called a zone
of invariant vapor composition (ZIVC) (Eggler, 1977). We define a ZIVC as
.~ the region in P-T-X space in which a volatile-bearing mineral coexists with
a multicomponent vapor and with its breakdown products in a reaction relat-
ion that buffers the vapor composition. The subsolidus section at P = 6,

T =1 (Fig. 3) is illustrative. Within a three-phase triangle, H coexists

with A and vapor, V. For compositions within that triangle, insufficient
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Fig. 3. Phase relations in the model system A-H,0-CO2 cont-
aining a hydrous phase. 1In the P-T projection, short-dashed
lines refer to univariant reactions in A-H,0; dot-dash line, to
the univariant reaction in A-COy; and ‘'solid lines, to univari-
ant reactions in A-H,0-COp. Metastable extensions are not shown.
The abscissa in the pseudobinary joins’ (a-a' and b-b') denotes
the C0,/(C02 + H20) of the bulk composition, not the vapor
composition. Subsolidus regions are stippled. The system is
theoretical but is modeled after melting behavior of an amphi-
bole peridotite, showing congruent-like melting at lower
pressure and incongruent-like melting at higher pressure.

Hy0 is available to completely hydrate the assemblage, in this case to
react all A to H by the reaction A + H,0 = H. Moreover, because A and H
coexist with a H,0-CO0, vapor, the assemblage is, at any P and T, Invariant,
and the vapor composition is invariant. In other words, vapor composition
is buffered, its composition kept constant by variation in the relative
amounts of the hydrous mineral and its breakdown products. For bulk comp-
ositions sufficiently rich in H»0 to react all A to H (the assemblage H +
V), however, vapor composition can no longer be buffered by reaction of A
to H. Therefore, H can coexist with a vapor of variable composition, and

the assemblage H + V lies outside the ZIVC.
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There are two ternary univariant melting reactions for the assem-
blage A + H + V, which are separate from reactions in A-H,0. They have
been arranged in P-T projection (Fig. 3) analogously to the vapor-absent
melting reactions in A- Hy0, with a 51ngular point S,. Two sets of pseudo-
binary joins have been drawn, one set (a-a') for compositions containing
a small amount of volatiles and one set (b-b') for compositions containing
a relatively large amount of volatiles. ~

The differences in melting behavior between sections a-a' and b-b'
follow directly from the ZIVC concept. Because vapor composition within a
ZIVC is, at any P and T, invariant, all compositions melt at a single
temperature (i.e., the subsolidus assemblage A + H + V, sections a-a').
On the other hand, bulk compositions outside a 2ZIVC (i.e., the assemblage
H + V, sections b-b') melt at different temperatures, depending upon the
volatile composition. Perhaps more important to mantle melting, the liquid
produced at the solidus in the sections a-a' is the same, whatever the
volatile composition, whereas liquids produced at the solidi in the sect-
ions b-b' are variable, depending upon the volatile composition.

A-H0-C02 with two volatile-containing phases. This model system
(Fig. 4) has been designed specifically for a dolomite-phlogopite perido-
tite at pressures above about 27 kbar, a pressure regime in the model above
about P = 4. Relations in the subsystem A-H20 are after Fig. 1. Relations
in the subsystem A-C0y, about invariant point I,, are modeled after relat-
ions in the system Ca0-Mg0- Si0,-C0, (Eggler, 1976a); although A in effect
represents a mantle mineralogy (forsterite + orthopyroxene + clinopyroxene),
rather than a single refractory phase, only variation of volatile content
.in liquid composition can be shown in ternary sections. There are in
addition five ternary reactions about Ij3; the sequence of these reactions
follows directly from the assumption that H and C melt to liquids contain-
ing more volatiles than the vapor-absent assemblage A + H + C (incongruent-
like); this assumption is justified for the dolomite-phlogopite peridotite
in a later section.

The implications of the pseudobinary sections are reiterative of
points previously stressed: (1) Melting in the presence of two volatiles
takes place by a different set of reactions than in the presence of H30 or
C02 alone. (2) In the presence of a small amount of volatiles (a-a'),
peridotite compositions melt pseudoinvariantly. In this model, the 2zIVC
assemblage is C + H + V; the assemblage A + C + H is also pseudoinvariant,
but is a special case in which no vapor is present (Holloway and Eggler,
1976) . (3) In the presence of large amounts of volatiles (b-b'), perido-
tite compositions melt pseudounivariantly, and a range of liguid compos-
itions can be produced, depending upon the volatile composition.

Relations for a model system A-B-H0- CO0p have been worked out but
cannot be presented here for lack of space. It is hoped that the reader
is convinced that principles established for simple systems apply also to
systems with additional refractory components. It is encouraging, in this
regard, that section a-a' (Fig. 4) perfectly mimics the near-solidus melt-
ing behavior of dolomite-phlogopite peridotite at 30 kbar deduced by
Holloway and Eggler (1976) from phase equilibrium experiments.
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Fig. 4. Phase relations in the model system A-H,0-CO;
containing a hydrous phase and a carbonate phase (C). In the
P-T projection, short-dashed lines refer to univariant react-
ions in A-H;0; dot-dash lines, to univariant reactions in
A-CO2; and solid lines, to univariant reactions in A-H;0-CO0,.
Metastable extensions are not shown. The abscissa of the
pseudobinary joins denotes the C0,/(C0, + H»0) bulk compos-
ition, not the vapor composition. The system is theoretical
but is modeled after the presumed behavior of a dolomite-
phlogopite peridotite.
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Review of Experimental Studies -

Studies of Peridotite-H;0 Melting

Synthetic systems.

The large effect of H20.upon the composition

of the partial melt of peridotite at high pressures was discovered by

Kushiro, Yoder, and Nishikawa (1968)

in the system Mg0-Si0,-H20.

They

found that liquid in equilibrium with H;0 vapor and peridotite phases
contained much more silica than liquid formed in the absence of volatiles

and was, in fact, quartz-normative at pressures as high as 20 kbar.
conclusion has been largely substantiated in subsequent studies
liquid composition was established by phase relations)

This
(in which
on systems of ever-

increasing complexity -- Ca0-Mg0-Si0;-H,0 (Xushiro, 1969), Ca0-Mg0-Aly03-

Si05-Hp0 (Ford and O'Hara, 1972; Ford,
(Kushiro, 1972), Nap0-Ca0-Mg0-Al203-Si0-H20

1976), Na20—Mg0—A1203—Si02—H20
(Kushiro, 1972, 1974), K0-

Na»0-Ca0-Mg0-Alp043-5i0y-Hp0 (Kushiro, 1974), and K»0-Ca0-Mg0-Al,04-Sil0,-Hp0

(Bravo and O'Hara, 1975)

1969).
Fig. 5.

NoAISiO4

MgpSiOg

MgSiOz

Si02

Fig. 5. Phase relations in the
join NaAlSi0,-MgpSi0,-Si0, at 20 kbar
pressure under conditions of CO0;
vapor-saturation (Eggler, 1974), H,O0
vapor-saturation (Kushiro, 1972), and
in the absence of volatiles
(Kushiro, 1968). Reproduced with
permission of the Carnegie
Institution of Washington.

Natural compositions.

and Akimoto (1968) ;
Wyliie (1974);

Kushiro (1970);
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The solidi of
itions in the presence of Hy0 vapor have been
Green (1973a);
and Mysen and Boettcher

-- and has led to the theory that some andesites
can be produced by direct partial melting of peridotite

(e.g., Yoder,

An example of a join that has been determined is presented in

Bravo and O'Hara (1975)
also determined, by an iterative
series of experiments, the compos-
ition of liquid in equilibrium with
H20_vap9r and phlogopi#e—garnet
peridotite at 30 kbar in the KZO_
CaO-MgO—A1203—Si02 system. This
liquid composSition is unusual, but
could be characterized as a potash-
rich olivine tholeiite. Howells
(1976) found that HpO0-saturated
ligquid at 25 kbar in the system
Nap0-Ca0-Mg0-Al,05-S105-Hp0 was
olivine tholeiitic.

Studies of the stability of
phlogopite in peridotite assemb-
lages, succeeding Yoder and
Kushiro's (1969) determination of
the stability of phlogopite itself,
include Modreski and Boettcher's
(1972, 1973) investigations in the
systems K20-Mg0-Al;03-Si0,-Hp0 and
K20-Ca0-Mg0-Al503-Si0,-Hp0 to 35
kbar in the presence and in the
absence of H50 vapor, the study by
Bravo and O'Hara (1975) cited
above, and the investigation of
Holloway and Eggler (1976) in the
system K30-Ca0-1g0-Co0-Al,03-Si0;,-
H,0 at 30 kbar in the absence of
vapor.

various peridotite compos-
determined by Kushiro, Syono,
Millhotlen, Irving, and

(1975a). These solidi lie within a .



band about 50°C in width, except for the solidi determined by Mysen and
Boettcher (1975a), which are 100°-140°C lower in temperature than the rest.

The solidus of a natural, volatile-bearing peridotite in the
absence of vapor has been determined only by Green (1973a) for a pyrolite
(minus 40% olivine) composition + 0.2 wt. % H20 at pressures to 40 kbar.

He observed that the solidus was also essentially the "amphibole-out" curve
and that the solidus lay at higher temperatures than the vapor-present
solidus. The general configuration of the vapor-absent solidus had been
predicted by Green (1970) and Wyllie (1971); theory of the vapor-absent
solidus can be traced in more detail with Figs. 1 and 2 of this paper.

The upper pressure limit of amphibole stability in Hp0-saturated
melt has been determined by Kushiro (1970); Green (1973a); Millhollen,
Irving, and Wyllie (1974); and Mysen and Boettcher (1975a). These results
vary from about 22 to 29 kbar. Some of the variation may be due to comp-
ositional differences in the samples investigated.

The composition of Hp0-saturated partial melts of peridotite was
first determined directly by Kushiro et al. (1972), who analyzed very
silica-rich glasses in runs on spinel and garnet lherzolite. These anal-
yses may not represent the equilibrium liquid. Several authors (e.g.,
Cawthorn et al., 1973) have pointed out that liquids formed by small deg-
rees of partial melting commonly quench to a mixture of quenched crystals
(olivine, pyroxenes, amphiboles) plus siliceous glass. The quenched
crystals may be discrete or may be very thin overgrowths on stable crystals.
On the other hand, where sufficiently large volumes of glass are present,
glass composition in areas not near overgrown grains is unaffected by
quenching, and glass compositions can represent equilibrium liquids.
Kushiro (1974) found excellent agreement between liquid compositions deter-
mined by phase equilibria and by analysis in the system Nay0-Ca0-Al30-Mg0-
5i02-H»0, where a relatively large volume (> 75%) of glass was analyzed.
Mysen and Boettcher (1975b) analyzed smaller, but significant, volumes of
glass (> 20%) and argued that the glasses represent equilibrium liquids.
These ‘liquids were andesitic at pressures to 22 kbar. On the other hand,
Green (1973a) claimed that 20-30% volumes of liquid could not be quenched
to glass. He calculated the composition of liquids in runs with H,0 vapor,
using analyzed compositions of stable phases, the olivine-liquid Mg-Fe
partitioning coefficient (with an allowance for iron loss from the charge
to Pd-Ag capsules), and a visual or X-ray estimate of the proportions of
phases present. Large errors may be introduced in this procedure (Mysen
and Boettcher, 1975b). Green (1973a) argued that H,0-saturated partial
melts can be andesitic to quartz tholeiitic at 10 kbar but are olivine
tholeiitic at 20 kbar.

Compositions of liquids in equilibrium with peridotite phases have
also been inferred by an opposite approach -- experiments are performed on
igneous rocks that are assumed to have been primary magmas, and a P and T
are assigned for an appropriate configuration of liquidus or near-liquidus
phases. It is further assumed that the experimentalist can separate out
any effects due to fractionation or to reaction relationships between the
peridotite phases and the liquid. These difficult assumptions notwith-
standing, a number of workers have studied rock compositions, only a few of
which can be cited here. WNicholls and Ringwood (1973) and Nicholls (1974)
determined liquidus phases for Hy0-saturated andesites and tholeiites (plus
varying amounts of olivine) and concluded that partial melts of peridotite
are andesitic at 10 kbar, but at higher pressure, up to about 17 kbar, are
quartz tholeiitic. These results generally agree with the peridotite-H30
experiments of (Green (1973a), but differ in detail from the peridotite-H,0
experiments of Mysen and Boettcher (1975b) and from some of the results on
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synthetic systems (preceding section). Although the disagreements have
been aired (Mysen et al., 1974), areas of agreement should also be noted:
It is now accepted that partial melts of peridotite in equilibrium with H20
vapor can be quartz-normative; the differences of opinion concern the deg-
ree of silica saturation and the upper pressure limit of production of
quartz-normative liquid.

Compositions of Hjp0-undersaturated liquids are reviewed in the
section on peridotite-H20-CO0j.

Studies of Peridotite-C0y Melting

‘Synthetic systems. The solubility of CO, in silicate melts
(Eggler, 1973b; Mysen et al., 1976) is reviewed in this volume by Mysen.
Peridotite-C0p phase relations were studied by Eggler (1974, 1977) in the
system Najy0-Ca0-Mg0-Al;03-Si02-C0Op to 30 kbar. He found that liquids
formed in the presence o% CO02 are more silica-poor and more alkali-rich
than liquids derived in the absence of volatiles or in the presence of H;0,
and that extremely silica-undersaturated nephelinites can be derived from
peridotite, in the presence of C02, in the pressure range 15-30 kbar. The
primary cause is expansion of the phase field of orthopyroxene, relative
to olivine, in the presence of C02. An example is the join in Fig. 5.
From phase equilibrium experiments in the system Ca0-Mg0-Si03-CO02 (Eggler,
1975b, 1976a,b, 1977), it was found that at pressure in excess of about
28 kbar, COp has a larger effect on phase relations than at lower
pressures: The solidus temperature is significantly lowered, dolomite
becomes a solidus phase, and partial melt compositions are carbonate-rich.
The same major effects, in the Ca0-Mg0-Si02-C02 system, have been found by
Wyllie and Huang (1975a,b, 1976a) with some minor differences (Eggler,

Holloway, and Mysen, 1976; Wyllie and Huang, 1976b,c; Eggler, 1976cC).

No natural compositions have been studied.

Studies of Peridotite-Hy0-C0; Melting

Synthetic systems. Crystal-liquid-vapor equilibria for several
silicate-H70-CO02 systems have been determined and have been applied to
peridotite-liquid petrogenesis (Eggler, 1973b; Kadik and Eggler, 1975;
Eggler and Rosenhauer, 1977). Yoder (1970) had previously examined the
join phlogopite-Hy0- C02 at 10 kbar, with application to magmatic crystal-
liquid relations.

Eggler (1973b, 1975a) studied the composition of liquid in equili-
brium with forsterite and enstatite and various CO02-H20 vapors in the
system Mg0-Si02-H20-CO02 at 20 kbar and found that liquid composition
changes from quartz-normative at C0,/(C0p + Hp0) < 0.42 (mol) to olivine-
normative at CO0,/(C0, + Hp0) > 0.42. .

Holloway and Eggler (1976) determined the solidus and the phlogo-
pite melting interval of a garnet-phlogopite peridotite in the system K;0-
Ca0-Mg0-Co0-Al03-Si0-H20-C0;.

Natural compositions. Mysen and Boettcher (1975a,b) studied the
melting of a spinel peridotite from Hawaii in the presence of relatively
large amounts of Hy0 and CO2 and analyzed glass compositions. They found
that, in the pressure range 10-15 kbar, with increase in C03/(CO, + Hy0),
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the solidus temperature increased, and the composition of partial melts
changed from quartz-normative through olivine-hypersthene normative and
olivine-nepheline normative to nepheline-larnite normative. (The change
from quartz-normative to olivine-normative occurred at C0,/(COy + H0)
(mol) between 0.5 and 0.4, nearly the same result as in the system Mg0-
S§i0,-C02-H20 (Eggler, 1975a), confirming that the orthopyroxene reaction
relation seen in synthetic systems is a dominant reaction in natural
compositions.)

Experiments on "primary magma" compositions (see above) have been
applied to peridotite-H,0-C0, problems. Bultitude and Green (1967), Green
(1973b), and Arculus (1975) have noted the absence of orthopyroxene on the

liquidus of olivine nephelinite and basanite compositions. According to
results of Eggler (1974, 1977), CO, should expand the primary phase field
of orthopyroxene. Indeed, Brey and Green (1975) have now found olivine,

orthopyroxene, clinopyroxene, and garnet as liquidus or near-liguidus
phases for a Tasmanian olivine melilitite at 30 kbar in the presence of
C0p-H70. They have claimed that the melilitite composition can be a prim-
ary melt (for comment see Eggler and Mysen, 1976; Eggler, 1977). The study
of Brey and Green (1975) supports an interpretation (Eggler, 1974) of
experiments of Bultitude and Green (1967) and Green (1973b), conducted with
small amounts of H20 in graphite capsules: Expansion of the field of
orthopyroxene must have been due to the presence of C02 (produced by react-
ion of H20 with graphite), not to the presence of H20, as claimed by Green.
Note should be made, however, that in experiments of Merrill and Wyllie
(1975) on a Kakanui eclogite (basanite composition) in the presence of H}0
but no C0g, orthopyroxene was found as a liquidus or subliquidus phase at
pressures of 18-25 kbar.

A Structural Explanation of Peridotite-Hy0-C07 Melting Patterns

The experimental results can be rationalized by considering a
polymerization reaction, where 02—, 0—, and 00 represent free oxygen ions,
oxygens bonded to one silicon (nonbridging oxygens), and oxygens bonded to
two silicons (bridging oxygens), respectively (Toop and Samis, 1962):

2007, = (09 + (0%7)p,. (1)

Solution of Hy0 can be written as the reaction (Eggler and Rosenhauer,
1977)

0 = 200 gt :
(0 )L + (H20)V (0 H )L- (2)
If (1) and (2) are combined,’
- _ 2- -+
2(0 )L + (HZO)V = (0 )L + 2(0 H )L’ (3)

it can be seen that the result of H;0 solution is an increase in 02'/0_,
representing a net depolymerization. If it is assumed that less-polymeriz-
ed melts crystallize less-polymerized minerals (XKushiro, 1975), then oliv-
ine crystallization should be promoted at the expense of orthopyroxene.
Reference to Fig. 5 should convince the reader that liquid produced at
invariant-like points will be more silica-saturated than in the absence of
volatiles. Solution of CO, can be written (Eggler and Rosenhauer, 1977):

200T), + (COpy = (00 + (coz®T)p. (4)
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The result is an increase in 00/0_, representing a net polymerization. It
follows that such invariant-like liquids should be less silica-saturated
than in the absence of volatiles.

Melting of a Model Mantle Composition

It has been argued above, on a semitheoretical basis, that the
melting of peridotite in the presence of small amounts of volatiles is
quite different from that in the presence of large amounts of volatiles,
and that the former case is more applicable to the mantle than the latter.
In this section, two examples of how peridotite is believed to melt in the
mantle are presented for a specific mantle composition.

The refractory portion of

TABLE 1. Chemical Composition of a the composition (Table 1) is essent-
Peridotite Used in Construction ially the composition of nodule 1611
of Isobaric Sections. (Nixon and Boyd, 1973), a fertile

garnet peridotite from a Lesotho
kimberlite pipe. However, the K
content has been lowered from 1160

Si0, 43.70 ppm to what is considered a more
. ) reasonable level of 400 ppm, and the
Ti0, 0.25 Na content has been slightly raised.
A hypothetical volatile content of
AlZO3 2.75 0.1 wt. % has been added to this com-
: position. Choice of this volatile
Cr203 0.28 content is intended only to be illus-
; trative; for each section construct-
FeZO3 1.38 ed, the range of applicable volatile
contents is indicated.
FeO 8.81 . - : .
Mn0 0.13 The Melting Reactions
Mg0 37.22
Melting and mineral stabil-
Ca0 3.26 ity curves selected from the papers
reviewed and relevant to the con-
NaZO : 0.45 structions are shown in Fig. 6. The
pressures chosen for isobaric sect-
KZO : 0.05 ions are 15 and 30 kbar (Figs. 7 and
8).
Z(H,0 + CO32) 0.10

The 15 kbar section. At 15
98.38 kbar, amphibole is the only volatile-
containing phase that participates in
a solidus reaction. The decarbonat-
ion reaction (Fig. 6) occurs at sub-

o solidus temperatures. Phlogopite is
not found (Green, 1973a; Mysen and Boettcher, 1975a) because K is incorp-
orated in amphibole. The bulk composition (Table 1) can contain a maximum
of about 15% amphibole when fully hydrated, representing an H,0 content of
0.37 wt. %, which exceeds the 0.1% available. Thus, for any volatile
content from 0.01 to 0.37 wt. %, the ZIVC principle applies.

A ZIVC-type isobaric section can be constructed (Fig. 7), equiva-
lent to a model section a-a' (Fig. 3). The "vapor-out" curve is calculated
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Fig. 7. Phase relations of a perido-
tite containing 0.1 wt. % volatiles (H30
+ C0p) as a function of the C0,/(CO0, +
H,0) volatile composition, at 15 kbar
pressure. The near-solidus relations
apply to volatile contents up to 0.37%.
The abscissa does not denote vapor
composition;  vapor composition for the
assemblage olivine + clinopyroxene (cpx)
+ orthopyroxene (opx) +

amphibole (amph) + spinel Coggmzwmm,wt

«

Fig. 6. A compilation of
solidus and mineral stability
curves for peridotite. (1)
Volatile-absent solidus (Kushiro,
Syono, and Akimoto, 1968; (2)
CO0, vapor-saturated solidus
(Eggler, 1976a, determined in
the system Cad-MgO—SiOz-Coz and
adjusted by about -150°C below
25 kbar to allow for other comp-
onents); (3) vapor-absent pyro-
lite-H,0 solidus (Green, 1973a),
also tﬁe approximate upper stab-
ility of amphibole; (4) Hy0
vapor-saturated solidus (Mysen
and Boettcher, 1975a); (5) upper
pressure limit of amphibole
stability (Green, 1973a); (6,7)
upper stability limit of dolo-
mite in peridotite phase assemb-
lages (by the reaction enstatite
+ dolomite = diopside + olivine
+ CO0p) in the presence of vapors
of C02/(C0y + H0) = 0.2 and of
C02/(C0p + H0) = 1.0 (EFggler,
Kushiro, and Holloway, 1976; (8)
melting of phlogopite in a phl-
ogopite-peridotite (Holloway and
Eggler, 1976).
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from diopside-C05-H70 data of Eggler and Rosenhauer (1977), and the sub-

solidus dolomite fields are estimated from

Eggler, Kushiro, and Holloway

(1976). The temperature of melting of amphibole in the absence of vapor

and of COp, 1115°C, is from Green (1973a).

The solidus temperature can be

bracketed between 1115° and 1050°C/ a temperature at which amphibole was
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stable in the C0,-Hy0 vapor-saturated experiments of Mysen and Boettcher
(1975a), because the ZIVC solidus is also the maximum stability limit of
amphibole in the presence of C0,-H,0 vapor for incongruent-like amphibole
melting behavior (compare sections a-a' and b-b', P = 6, Fig. 3). The
solidus also coincides with that for a vapor composition of C05/(C0y + H0)
(mol) = 0.8 (Mysen and Boettcher, 1975a), as described below. The solidus
reaction probably actually occurs over a small temperature interval because
of solid solutions, principally Fe—-Mg in olivine and pyroxenes and Na in
clinopyroxene. The phase boundaries above 1400°C are estimated from the
melting data of Mysen and Kushiro (1976) on rock 1611 in the absence of
volatiles.

The compositions of liquids as a function of temperature (Fig. 7)
have been estimated. Liquid formed at temperatures immediately above the
solidus must be of the same composition for all volatile compositions from
CO0p/(COp + H20) = 0.01 to 0.8, because for all these compositions the sub-
solidus phase assemblage is in a ZIVC. Moreover, the vapor composition
must be the value at the left-hand side of the ZIVC, that is, 0.8. (Refer
to the section at P = 6, T = 1, Fig. 3, for a visualization of this princi-
ple.) The particular value of 0.8 is not known precisely, but it must be
greater than 0.75, because Mysen and Boettcher (1975a) found amphibole in
equilibrium with liquid and vapor of CO,/(C0Op + H0) = 0.75 in their
excess-vapor experiments. The composition of liquid in equilibrium with
vapor of C0,/(CO0p + H20) = 0.8 is probably nephelinitic, judging from the
data of Fggler (1974, 1977) and Mysen and Boettcher (1975b). Only for vap-
or consisting solely of Hy0, and therefore outside the ZIVC, is the liquid
andesitic. The persistence of the nephelinite field above the solidus is
due to the persistence of CO2-rich vapor to hypersolidus temperatures.
Because vapor becomes more COp-rich as temperature is increased (Eggler and
Rosenhauer, 1977; Eggler, 1977), liquid composition must be at least as
silica-undersaturated as nephelinite. At temperatures above the vapor-
present field, the volatile contents of liquids will decrease as temperat-
ure increases. At temperatures approaching the volatile-absent solidus
(1360°C at 15 kbar, Fig. 5), the effect of volatiles is minimal, because at
these temperatures, the amount of melt increases dramatically (Wyllie,
1971). Below these temperatures, the amount of melt is probably less than
5% (Mysen and Kushiro, 1976). Thus, the fields for olivine tholeiite and
tholeiitic picrite can be extrapolated with some confidence from the liquid
compositions determined in the absence of volatiles by Mysen and Kushiro
(1976) .

The 30 kbar section. Above about 27 kbar, phlogopite succeeds
amphibole as a solidus hydrous phase (Green, 1973a; Modreski and Boettcher,
1972), and dolomite is a solidus carbonate phase (Holloway and Eggler,

1976; Eggler, Kushiro, and Holloway, 1976). For the peridotite composition
(Table 1), a completely hydrated phlogopite-peridotite will contain 0.44 wt.
% phlogopite or 0.02 wt. % H,0. A completely carbonated peridotite will
contain about 10 wt. % dolomite, or 5% CO5. Thus, an isobaric section for
a dolomite-phlogopite peridotite with only 0.1 wt. % volatiles (Fig. 8) is
analogous to section b-b' (Fig. 4) in the model A-H,0-CO5, inasmuch as
compositions are, at subsolidus conditions, always undersaturated with
respect to dolomite, but either saturated or undersaturated with respect to
phlogopite, depending on volatile composition. The hypersolidus configur-
ation of Fig. 8 up to about 1400°C is probably applicable to volatile
contents of 0 to about 5 wt. %.

-Most of the sources used in construction of the isobaric section
are listed in the figure caption. The line separating the two invariant
subsolidus assemblages lies at C0,/(CO, + H0) = 0.6 because at that point
the bulk composition contains 0.02 wt. % Hp0, the maximum amount that can
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be contained in phlogopite.
interval between the solidus and the vola-
tile-absent solidus (1510°C, Fig. 5) is
400°C, over which the amount of liquid

must be small (probably < 2%). Above
1510°C, the amount of liquid will increase
rapidly, and phase relations (and liquid
compositions) interpolated from Mysen and
Kushiro (1976) will be essentially correct.
The composition of the near-solidus liquid
has been estimated to be larnite-normative,
on the basis of experiments of Brey and
Green (1975) and Eggler (1977). (The rock
name for the liquid is melilitite, although
it should be noted that not all larnite-
normative rocks contain modal melilite
(Velde and Yoder, 1976).) Liquid in the
Dol + LHZ + L field will be more carbonate-
rich (kimberIitic), because Dol melts over
that temperature interval. The compos-
ition of liquid in equilibrium with LHZ +
Ph + HpO-rich vapor is assumed to be the
potash-rich olivine tholeiite determined

by Bravo and O'Hara (1975).

Petrologic Conclusions

- tholeite

The temperature

Fig. 8. Phase relations
of a peridotite containing
0.1 wt. % volatiles (Hy0 +
C0y) as a function of the
C02/(C02 + H20) volatile
composition. The abscissa
does not denote vapor comp-
osition. Dol, dolomite;
Ph, phlogopite; Ks, kalsil-
ite; Sa, sanidine; LHZ,
oliv + opx + cpx + garnet
(gar). Solid lines denote
well-determined boundaries;
long-dashed lines, extra-
polated boundaries; and
short-dashed lines, esti-
mated boundaries. The
boundaries between Ph + LHZ
+ L and LHZ + L and between
Dol + Ph + LHZ + L and LHZ
+ L are after Holloway and
Eggler (1976); the boundary
between Dol + LHZ + L and
LHZ + L is after Fggler
(1976a); the boundary bet-
ween Dol + Ph + LHZ + V and
Dol + Ph + LHZ + L (the
ZIVC solidus) was calculat-
ed from the decarbonation
curve of FEggler, Kushiro,
and Holloway (1976) and the
peridotite solidus of Kush-
iro, Syono, and Akimoto
(1968) (contours of equal
Xy must intersect at the

ZIVC solidus). Phase
relations above 1500°C are
extrapolated from Mysen and
Kushiro (1976). Estimated
compositions of liquids in
the various phase fields
are shown in the inset.

The low-temperature thol-
eiite field is after Bravo
and O'Hara (1975), the
kimberlite field after
Eggler (1976a), and the
high-temperature theoleiite
and picrite fields after
Mysen and Kushiro (1976).

The following conclusions can be reached from inspection of Figs.

7 and 8.

It should be kept in mind that the figures are constructed for

‘specific ranges of volatile compositions, as indicated above.
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1. 1In experiments on peridotite-H,0-C0, systems carried out with
relatively large amounts of volatiles (Mysen and Boettcher, 1975a; Eggler,
1975a), it has been found that the solidus temperature and liquid compos-
ition vary with C0,/(C0, + H»0), because excess vapor, of varying compos-
ition, is present. For mantle compositions containing relatively small
amounts of volatiles, where a hydrous or carbonate mineral is present, the
vapor composition is (at any P and T) invariant (for most C02/(C0, + H0)
compositions) within a ZIVC. ~Such mantle compositions melt (isobarically),
whatever the C0,/(C0 + H»0), at a common temperature to a common liquid.

2. At 15 kbar pressure, amphibole peridotite (plus vapor) cont-
aining small amounts of C02 + H20 melts at about 1100°C to a nephellnltlc

liguid, because the coexisting, invariant vapor has C0,/(C0y + H,0) X 0.8.
Only a small amount of nephelinitic liquid can be produced, however, if the
amount of volatiles in the source region is small (v 0.1 wt. %). For

larger degrees of melting, liquids will contain smaller amounts of volat-
iles and their compositions will be less affected by the volatiles, until
at temperatures near the volatile-absent solidus (1510°C), liquid compos-
itions will be similar to those of liquids produced in the absence of vol-
atiles (tholeiites). If partial melting is fractional, melting will cease
at the point at which the volatile-containing liquid fraction is removed
from the source region, and will not resume unless the temperature rises to
that of the volatile-absent solidus. An exception is the hypersolidus
field containing both liquid and vapor: If vapor is not removed with the
liquid fraction, melting will not cease. Moreoever, the liquid composition
will be strongly controlled by vapor fractionation (Eggler, 1974; Mysen,
Arculus, and Eggler, 1975), becoming even less silica-saturated than neph-
elinite. (Note that under no circumstances can andesite be produced by
partial melting, except if CO, is entirely lacking in the source region.)

3. At 30 kbar pressure, dolomite-phlogopite peridotite (with or
w1thout vapor) contalnlng small amounts of CO; and H,0 melts at about
1025°C to a liquid that is probably melilititic. Such melilititic primary
melts can be produced only in the presence of CO0, (Eggler, 1974; Brey and
Green, 1975). For very high H,0/(H30 + CO02), the liquid is olivine thol-
eiitic. The composition of liquid produced in the absence of H,0 is kimb-
erlitic or carbonatitic (Eggler, 1975b, 1976a; Wyllie and Huang, 1975b).
Dolomite or phlogopite persists to temperatures about 100°C above the soli-
dus, but the amount of liquid produced is probably only a few percent until
temperatures about 350°C above the solidus are reached. The same princi-
ples of fractional melting discussed above apply to the 30 kbar section,
with the exception that within the hypersolidus fields containing either
dolomite or phlogopite, removal of the liquid fraction will not cause melt-
ing to cease. Rather, melting will proceed, but on a radically different
course, inasmuch as the source region will then contain only CO, or HO0,
depending on whether dolomite or phlogopite is the residual phase.
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Note added in proof:  Wyllie (1977) has developed a concept very similar
to the ZIVC developed here, that is, a mantle vapor composition
buffered by reaction. His discussion is, however, limited to a
carbonated peridotite.
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EQUILIBRIUM AND MIXING IN A PARTIALLY MOLTEN MANTLE

Albrecht W. Hofmann and Mordeckai Magaritz
Carnegie Institution of Washington
Department of Terrestrial Magnetism
5241 Broad Branch Road N.W.
Washington, D.C. 20015

The volume of rock that will attain chemical and isotopic equili-
brium during partial melting depends on (a) the reaction rate between solid
and melt, (b) the rate of mixing due to convective movement of the melt or
the solid-melt aggregate, (c) the rate of transport due to diffusion, and
(d) the duration of the process.

Effect (a) has been reviewed by Hofmann and Hart (1977), who
summarized the available diffusion data for mantle minerals (olivine,
pyroxene, phlogopite) and estimated that D=10-13cm?s~1l is a lower limit for
diffusivities at temperatures above 1000°C. This means that crystals of
1l cm diameter or less will reach essentially complete (> 99%) equilibrium
"with the surrounding melt phase in less than 4x104 years. Unfortunately,
the experimental data on diffusion in crystalline silicates are incomplete
and in many cases open to question. Therefore, the above conclusion should
be regarded as a current best estimate only. However, for the purpose of
this discussion, we shall assume that solid-melt equilibration is suffi-
ciently rapid so that the partially molten aggregate may be regarded as
being in local equilibrium, in the sense that the melt is everywhere in
equilibrium with the nearest solid phases.

Effect (b) is difficult to assess because the dynamics of mantle
convection is poorly understood. Quantitative estimates might be obtained
for certain probable processes such as diapiric intrusion of a crystal-
melt mush, or two-phase flow during upwelling at the mid-ocean ridge
(Turcotte and Ahern, 1977). Hofmann and Hart (1977) reviewed the Sr iso-
topic data on oceanic basalts, which are relatively uniform for ocean floor
rocks and much more heterogeneous for ocean islands. We suggest that the
relative uniformity of the ocean floor rocks is the result of convective
mixing within a well defined reservoir in the mantle which undergoes only
limited mixing with the source mantle of the oceanic islands. The length
scale of mixing between these two reservoirs can be estimated from the
length of the transition zones between the two types of material. Although
it is not a priori clear that these transition zones must be a result of
mixing rather than a primary feature of the underlying mantle, such an
interpretation is plausible, for example, if the islands are derived from
a deep-mantle plume.  Such transition zones, interpreted as regions of
mixing between two mantle-derived components, have been studied on the
Reykjanes Ridge by Schilling (1973), Hart et al. (1973) and Sun et al. :
(1975), and on the Azores platform by Schilling (1975), White et al. (1976)
and White (1977). The length of the transition zone is about 400 km in the
Reykjanes Ridge and about 1000 km in the ridge segment south of the Azores
platform. Despite this relatively large overall scale of mixing, the iso-
topic composition shows smaller fluctuations on a scale of tens of kilo-
meters or less along both ridge segments. This must reflect the length
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scale of the convective motions involved.

Effect (c) can be measured with more confidence from available
experimental data on diffusion in silicate melts. Figure 1 is a compila-
tion of results for diffusion in melts of basaltic composition. Hofmann
and Magaritz (1977) have argued that these diffusivities would not be
drastically increased by the addition of volatiles to the basalt. These
arguments are based in part on the low cation mobility in a water-saturat-
ed basalt - rhyolite couple (Yoder, 1973). Thus, although the addition of
water can increase the reaction rates in silicates by several orders of
magnitude, the effect on the diffusion rates in silicate melts appears to
be much smaller. The similarities of diffusivities of a wide variety of
ionic species makes it possible to

TC) : . ;
1400 1300 estimate transport rates 1n a
ottt partially molten mantle, assuming
that the composition of the melt
o Ne (2) phase is similar to basalt. 1In

multiphase aggregates, the diffus-

10781 ' 7 ion transport is a complex pro-
~\\\\\\\\;\ 5 o cess when considered in detail.
Ca (D

E \\‘\\@?Z:ﬁm However, the assumptions normally
e R et 1) applied to diffusion metasomatism
17T~ ' TG in metamorphic rocks should also,
Vi@ apply to partially molten rocks.
014) Following Korzhinskii (1970), we
assume local equilibrium between
o e liquid and solid phases and dif-
10%/T (°k™") fusional transport through a stand-
ing pore liquid, which is every-
Fig. 1. Diffusion coefficients in where interconnected. The diffus-
molten basalt as a function of inverse ion equation (for one dimension)

absolute temperature. Sources of data may then be written
are given by number: in parentheses:

(1) Hofmann and Magaritz (1977); (2) 8D 5

Hofmann and Brown (1976); (3) Magaritz 9C — melt 3¢

and Hofmann (1977a); (4) Muehlenbachs ot T[k(1-B)+B] 0ox<4 (1)
and Kushiro (1974); (5) Medford (1973).

(1), (2) and (3) are tracer diffusion

studies on olivine tholeiite basalt where ¢ is the concentration of
(Kilauea, 1921); (4) is a tracer the diffusing component in the
diffusion study on (unspecified) ' melt, t is the time, T is the co-
basalt; (5) is a study of chemical efficient related to the tortuos-
diffusion from a mugearite, artific- ity of the diffusion path, B is
ially enriched in Ca0, into normal the fractional porosity, D is the
mugearite. diffusion coefficient, k is the

bulk partition coefficient given
by k = s/c, where s is the concentration in the solid phases and k is ass-
umed constant, x is the distance in the direction of diffusion. Equation
(1) may be derived, for example, from equation 14.3 given by Crank (1975).
Thus, an effective diffusion coefficient can be defined for the partially
molten rock

BD )
D _ melt
rock T[(1-B(k+B]

The dependence 0f D,ock/Dmelt Onthe melt fraction B is shown-on Fig. 2 for
different values of K. The value of 7 is assumed to be unity. This illus-
trates the difference in diffusion behavior between major elements (k >
0.1) and incompatible trace elements (k < 0.1). For large values of k and
moderate degrees of melting, the effective diffusion coefficient of the
rock is given by Dyock ¥ Dmelt(B/k), and Dygck 1is therefore smaller than
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Fig. 2. Relative effective

diffusion coefficient of the
partially molten rock, D(rock/
D(melt), as a function of the
melt fraction of the rock, for
different values of the bulk
partition coefficient k =
0.001 to k = 30. The melt is
assumed to be interconnected
and the effect of path tort-
uosity negligible. All trans-
port is assumed to occur in
the melt phase, which is
everywhere in local equili-
brium with the solid phases.

Dpe1t Y one or several orders of magni-
tude. For very small values of Kk, Dygck
becomes approximately equal to Dmelt

except when the degree of melting is also
very small. Consequently, the incompatible
elements, such as Ba and the light REE,
will in general diffuse more rapidly
through a partially molten mantle than do
the major elements, such as Ca, or trace
elements such as Co that have relatively
large partition coefficients. For example,
if the bulk partition coefficients for Sr
and Ca are k = 0.01 and k = 1.0 respective- .
ly, the effective diffusion coefficients in
a rock with one per cent melt at 1300°C
will be Dyock (Sr) = 1 x 10-7 and Dyock
(Ca) = 4 x 10-9cm?s~1, even though Dpeit
(Ca) 1is greater than Dpejt+(Sr).

The order of magnitude of equili-
bration distances is most conveniently
estimated by the relation X = (Dt)1/2,
Consideration of examples with specific
initial and boundary conditions yields
results that are surprisingly similar to
those obtained from this simple estimate
(Magaritz and Hofmann, 1977b; Hofmann and
Magaritz, 1977). Using D = 10~0cm?s-1 as
an upper limit for most of the effective
diffusion coefficients, we obtain distances
of 5.6 cm for one year, 56 cm for 100 years,
56 m for 106 years, and 3.8 km for 4.5 x
109 years. Thus, diffusion is very effic-
ient in equilibrating a partially molten
mantle on a small scale, but any mixing on
a scale greater than a few kilometers can
only be accomplished by convection.

The persistence of relatively

small-scale isotopic inhomogeneities along the Mid-Atlantic ridge shows
that convective mixing did not reduce the size of these inhomogeneities

sufficiently for complete diffusive homogenization to take place.

Thus it

appears that diffusive and convective mixing do not interact efficiently

in the source regions of midocean ridges,

ble

McKenzie, 1977).

and it should therefore be possi-

to set a lower limit for the size of the small mantle-convection cells
that have recently been advocated

(Richter and Parsons, 1975; Parsons and

In contrast with these heterogeneities along the midocean ridge,
many individual volcanoes and several entire oceanic islands are quite

uniform in isotopic composition (0'Nions and Pankhurst,

Hart, 1977).

1974; Hofmann and

These must be derived from reservoirs that are internally
well mixed by combined convection and diffusion.

It seems plausible that

the necessary small-scale convection is related to the intrusion process

itself.

The effect of time

(d)
(pt)1/2 for diffusion processes.

can be estimated from the relation X =
Because of the square root relation,

errors in the time estimate are demagnified in the estimate of diffusion

distance.
particular convection process.

Estimates for the duration of convection depend strongly on the

Thus the time for convective turnover
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of a large oceanic plate may be estimated from the rate of sea floor
spreading to be on the order of 108 to 109 years. Times for magma ascent
can be estimated from the viscosity of the magma and the size of xenoliths
transported by the magma. Xushiro et al. (1976) estimated times of several
days for tholeiitic magmas and hours for alkalic magmas, if inclusions of
10 cm diameter are transported by magma with Newtonian behavior. Sparks

et al. (1977) discussed the possibility of a slower ascent on the order of
100 days because of the yield strength of magmas. In contrast with these
comparatively rapid ascent rates, the rise of hot viscous diapirs or
"blobs" will be much slower, if there is no crack or pre-existing conduit.
Marsh (1977) has estimated the ascent rate of a blob that heats its wall as
it rises to be about 106 m s~1, or about 3 x 103 yr per 100 km.

The conclusion drawn from the above observations is that the three
processes which cause homogenization and equilibrium in the mantle have
different characteristic length scales: for solid-solid and solid-melt
reactions the scale is on the order of 1 cm or less; for convective mixing
it is hundreds of kilometers, except in intrusive processes where it is
sufficiently small so that convection interacts with diffusion in the melt
to produce nearly complete homogenization. Diffusion in a partially molten

homogenizes the rock on a scale of meters to kilometers for times
between 106 and 109 years. Incompatible trace elements tend to diffuse
faster than major elements (despite lower diffusion coefficients) because
their mobility is less retarded by reaction with solid phases.

Acknowledgements

We thank D.C. Presnall for reviewing the manuscript and suggest-
ing several improvements. The National Science Foundation Grant No. EAR
73-00255 A02 provided financial support.

o

References

Crank, J., The Mathematics of Diffusion, Second Edition, Oxford University
Press, 1975. )

Hart, S.R., J.-G. Schilling, and J.L. Powell, Basalts from Iceland and
along the Reykjanes Ridge: Sr isotope geochemistry, Nature Phys.
Sei., 246, 155, 104-107, 1973.

Hofmann, A.W., and L. Brown, Diffusion measurements using fast deuterons
for in situ production of radioactive tracers, Carnegie Inst.
Yearbook 75, 259-262, 1976.

Hofmann, A.W., and S.R. Hart, An assessment of local and regional isotopic
equilibrium in the mantle, Farth Planet. Sci. Lett., 1977, in
press.

Hofmann, A.W., and M. Magaritz, Diffusion of Ca, Sr, Ba and Co in a basalt

melt: Implications for the geochemistry of the mantle, Jour.
Geophys. Res., 1977, in press.

40



Korzhinskii, D.S., Theory of Metasomatic Zoning, Oxford University Press,
162 p., 1970.

Kushiro, I., H.S. Yoder, and B.0O. Mysen, Viscosities of basalt and andesite
melts at high pressures, J. Geophys. Res., 81, 6351-6356, 1977.

Magaritz, M., and A.W. Hofmann, Cation diffusion in natural silicate melts,
Carnegie Inst. Washington Yearbook 76, 1977a, in press.

Magaritz, M., and A.W. Hofmann, Diffusion of Sr, Ba, and Na in obsidian,
Geochim. et Cosmochim. Acta, 1977b, (ms. submitted).

Marsh, B., Ascent of a hot viscous blob (abst.), E0S, 58, 535, 1977.

Medford, G.A., Calcium diffusion in a mugearite melt, Can. J. Earth Sci.,
10, 394-402, 1973.

Muehlenbachs, K., and I. Kushiro, Oxygen isotope exchange and equilibrium
of silicates with CO0p or 03, Carnegie Inst. Washington Yearbook
73, 232-236, 1974.

O'Nions, R.K., and R.J. Pankhurst, Petrogenetic significance of isotope
and trace element variations in volcanic rocks from the Mid-
Atlantic, J. Petrology, 15, 603-634, 1974.

Parsons, B., and D. McKenzie, Mantle convection and the thermal structure
of the plates (abst.), EO0S, 58, 499, 1977.

Richter, F.M., and B. Parsons, On the interaction of two scales of convect-
ion in the mantle, J. Geophys. Res., 80, 2529-2541, 1975.

Séhilling, J.-G., Iceland Mantle Plume: geochemical evidence along Reyk-
janes Ridge, ©Nature, 242, 565-571, 1973.

Schilling, J.-G., Azores mantle blob: rare-earth evidence, Farth Planet.
Sei. Lett., 25, 103-115, 1975. :

Sparks, R.S.J., H. Pinkerton, and R. MacDonald, The transport of xenoliths
in magmas, Earth Planet. Sci. Lett., 35, 234-238, 1977.

~ Sun, S.S., M. Tatsumoto, and J.-G. Schilling, Mantle mixing along the
Reykjanes Ridge axis: lead isotopic evidence, Science, 190, 143-
147, 1975.

Turcotte, D.L., and J.L. Ahern, A porous flow model for magma migration in
the asthenosphere (abst.), FO0S, 68, 535, 1977.

White, W.M., Geochemistry of igneous rocks from the central North Atlantic:
the Azores and the mid-Atlantic ridge, Ph.D. Dissertation,
University of Rhode Island, 1977.

White, W.M., J.-G. Schilling, and S.R. Hart, Evidence for the Azores mantle
plume from strontium isotope geochemistry of the Central North
Atlantic, Nature, 263, 659-663, 1976.

Yoder, H.S., Jr., Contemporaneous basaltic and rhyolitic magmas, Amer.
Mineral., 68, 153-171, 1973.

41



2. FIELD EVIDENCE OF PARTIAL MELTING

NON-EQUILIBRIUM PARTIAL FUSION DUE TO DECOMPRESSION
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Abstract

Variable amounts of partial fusion both within cracks in minerals
and along grain boundaries have been observed in crustally derived granu-
lite facies xenoliths from Kilbourne Hole maar, south central New Mexico.
The fusion occurred rapidly enough to have had little effect on the homo-
geneity of major phases. The melt produced was quenched producing either
inhomogeneous interstitial glasses or symplectites of either: 1) ortho-
pyroxene-spinel-glass around garnet margins, or 2) olivine-glass around
orthopyroxene margins. Lack of mixing of liquids on a microscale has been
observed where fusion occurred between adjacent ilmenite and sanidine

grains. Partial fusion in anorthosite and charnockite produced glasses
rich in P05 (up to 10 oxide weight percent) due to the presence of locally
abundant apatite. Interstitial melting most frequently occurs adjacent to

ferromagnesian phases; such liquids, however, do not represent the first
melts that would be produced by equilibrium fusion of the xenolith. The
reactions involved have not reached equilibrium and, therefore, cannot give
indications of temperature, oxygen fugacity or pressure attained by the
xenolith either before incorporation into the vent or during transport to
the surface.

Introduction

We have found variable amounts of glass and its cooling products
in a suite of lower crustal xenoliths from Kilbourne Hole maar in south
central New Mexico. The xenoliths have been previously described
(Padovani, 1977; Padovani and Carter, 1977) and appear to represent lower
crustal material which was incorporated into ascending magmas during the
explosive volcanic eruptions which formed the maar. The xenolith glasses
and their products are chemically unlike the host alkali olivine basalt and
evidently represent partial melts of the xenoliths preserved in situ by
quenching.
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Xenolith Mineralogy

The lower crustal xenoliths consist of anhydrous quartzofeld-
spathic garnet granulites, two pyroxene granulites, charnockite and
anorthosite in decreasing abundance (Padovani, 1977; Padovani and Carter,
1977). The mineralogy and chemistry of these xenoliths is outlined in
Padovani and Carter (1977) and described in detail in Padovanti (1977), but,
in general, garnet, feldspars, sillimanite, pyroxene and ilmenite are the
principal phases.

Partial Fusion Products

The xenoliths most affected by the fusion process are the quartzo-
feldspathic garnet granulites (Plates 1 and 2). Two pyroxene granulite,
charnockite and anorthosite also display effects of partial fusion, but
melts in these rock types are much less extensively developed. Garnet is
the principal phase most affected by the partial fusion process (Plates 1la,
1b and 1lc). Moderate amounts of partial fusion appear to have not affected
the homogeneity of major phases such as garnet, as demonstrated by electron
microprobe analyses which indicate no observable zonation with respect to
major and minor elements (Padovani and Carter, 1973, 1977). Ilmenite, when
extensively fused, develops ulvospinel rims or quench-like crystals of
ulvospinel of variable composition along its margins (Padovani, 1977).
Often, hercynitic spinel is found nucleating on the ulvospinel rims
(Padovani, 1977). Ulvospinel lamellae of uniform composition are found in
the interiors of ilmenite grains which have undergone small amounts of
fusion. With progressive fusion, the rims develop at the expense of the
lamellae, which eventually disappear.

Interstitial glass is an ubiquitous component in the garnet-rich
reglons of the quartzofeldspathic granulites and it is also observed in
regions rich sillimanite, feldspars and quartz (Plates 1d and 2). Glasses
produced from the partial fusion of ilmenite are typically purple in color,
those produced from the partial fusion of garnet are pale yellow and those
produced from the partial fusion of potassium feldspar (sanidine) are
colorless. These differences are accentuated where glasses produced by
partial fusion of garnet, ilmenite and sanidine have formed but have not
been thoroughly mixed (Plate 2a). Plate 2 illustrates various types of
incipient fusion. Estimates of the percent of glass and its contained
quench products determined by point counting demonstrate that interconnect-
ion of intergranular melt pockets is slight until greater than 40 to 50
percent trapped melt is present in the garnet granulites. Locally, initial
melts tend to reflect adjacent mineralogies. A few xenoliths have a frothy
texture with dark glassy material along formerly garnet-rich layers, which
now are separated from one another by regions of lighter colored glass
containing partially digested and/or unaltered grains of plagioclase,
sillimanite and quartz (Plate 1d).

Glassy alkali olivine basalt forms partial or complete crusts
around the xenoliths. The contact between the interstitial glass formed
within the xenolith and the basalt crust is sharp except where fractures,
extending to the surface of the xenolith, have acted as pathways for entry
of magma. Where this basaltic glass and its quench products is observed
within a xenolith, its presence is distinctive because of its dark brown
color, vesicular nature and the presence of olivine and/or pyroxene
phenocrysts.
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Plate 1. a. Garnet granulite with about 7% partial melt (established
by point counting) seen in this photomicrograph as dark rims around
garnet and ilmenite. Principal minerals are garnet, quartz, silli-
manite, potassium feldspar (sanidine perthite), plagioclase and
ilmenite. Accessory minerals are rutile and zircon. b. Garnet granu-
lite with about 30% partial melt seen as dark patches which are
composed of glass, orthopyroxene and spinel symplectites. The
symplectites have partially replaced the large garnet in the central
and lefthand portions of the photomicrograph and have totally replaced
the smaller garnets in the righthand side. Mineral assemblage is the
same as in Plate la. <c¢. Detail of symplectite associated with garnet.
Cruciform, medium gray hercynitic spinel and lath-like pale gray ortho-
pyroxene occur as quench-like crystals in glass. d. Garnet granulite
which has undergone greater than 50% fusion. Garnet can no longer be
recognized as a discrete phase, but its presence can be inferred by
patches of symplectite. Lines of flow in melt are seen as light and
dark areas of poorly mixed interstitial glasses of variable composi-
tion. Mineral residue consists of quartz, sillimanite, potassium
feldspar and plagioclase.
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Plate 2. a. Example of apparent lack of mixing between melts, now
seen as glasses, of Fe, Ti-rich, Si-poor (ilmenite rich) composition
(elongated dark blob above black ilmenite grain) and K, Si-rich
(sanidine-rich) composition (seen as pale gray glass surrounding the
dark blob). Garnet occupies the lefthand portion of the photomicro-
graph, while sanidine occupies the righthand side. b. Flow lines in
glass within symplectite seen in lefthand portion of photomicrograph.
Black minerals in glass are hercynite and orthopyroxene. Minerals in
righthand portion of photomicrograph are potassium feldspar (sanidine
perthite). Perthite can be seen extending into glass along margin of
sanidine host. c¢. Area within a garnet granulite which has undergone
approximately 30% fusion. Potassium feldspar is the mineral in the
center, with sillimanite grains to the left of it. Note that perthite
lamellae have been left stranded in glass on either side of the partially
melted sanidine host, in the same optical orientation as those within the
host. d. Same photomicrograph as in Plate 2c but with crossed nicols.
Stranded perthite lamellae can be seen extending from the margins of the
sanidine host into the isotropic glass.

46



Electron microprobe analyses of the glasses suggest that the
glass compositions are essentially reflecting adjacent mineralogies and
that thorough mixing did not occur between melts of variable compositions
within a given xenolith (Tables 1 and 2). Multiple electron microprobe
analyses of glassy areas within individual thin sections show the influence
of garnet and potassium feldspar on the glass compositions, which can vary
from silica undersaturated to silica oversaturated within several milli-
meters (Fig. 1). As seen in this figure, garnet clearly influences the
aluminum, iron and magnesium contents of the coexisting glasses. Trends
within each sample are nearly linear between garnet and glass for these
elements. Potassium feldspar appears to be the main contributor to the
sodium and potassium contents in the glasses, but these trends are more
complex.
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Fig. 1. Electron microprobe analyses of glass compositions from
garnet granulites compared with analyses of major phases. Small
squares and half-circles represent the range of compositions of
glasses from two xenoliths representing group 1 and group 2 garnet

granulites respectively (Padovani, 1977). The large square and
half-circle represent the average composition of garnet from the
same samples. The star and closed circle, respectively, represent

co-existing plagioclase and potassium feldspar compositions.

The role of texture is important and appears to control the extent
of melting in the xenoliths. The amount of melt produced and the extent of
its interconnection from one region to another is largley influenced by the
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TABLE 1. Representative Glass Analyses From Kilbourne Hole Garnet Granulite K9

Wt. % 9/1a 9/1b 9/1c 9/1d 9/2a 9/2b 9/2c  9/2d - 9/2e 9/3a 9/3d 9/4c
Si0, 64.28 63.89 60.92 62.35 54.57 53.71 56130 52.85 52.79 68.01 67.31 69.49
Ti0, ‘ 2.14 2.09 2.12 2.06 1.54 1.61 1.71 1.87 0.91 1.80 2.02 1.50
AIZO3 15.82 15.84 16.70 15.74 17.40 17.34 17.76 17.49 17.87 15.41 15.27 14.24
Fe0 8.76 8.99 10.29 10.16 15.95 16.92 15.10 16.71 17.10 3.85 4.26 . 3.97
Mn0 0.13 0.12 0.15 0.12 0.27 0.32 0.30 0.31 0.33 nd 0.02 0.03
Mg0 2.39 2.40 3.01 2.71 3.78 3.79 2.99 3.49 3.38  0.62 0.61 0.64
Ca0 2.12 2.22 2.69 2.18 3.00 3.10 3.00 3.30 3.42 1.25 1.31 1.43
Na,0 1.41 1.71 1.87 1.69 1.58 1.53 1.61 1.38 1.56 2.48 2.53 2.54
K,0 3.59 3.63 3.30 , 3.40 2.17 1.87 2.15 1.80 1.81 5.58 5.23 5.25

-TOTAL 100.64 100.68 100.85 100.40 100.27 100.19 99.92 99.18 99.17 99.00 98.96 99.19

Sample K9 has the following mineralogy: garnet, plagioclase, potassium feldspar, quartz,
ilmenite, rutile and zircon. nd = not determined. Total iron expressed as FeO. Glasses
in Table 1 range from colorless to yellowish brown with increasing iron content.
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TABLE 2. (Glass Analyses From Garnet Granulite K33, Anorthosite and Charnockite

wWt. % 33/4b 33/1 33/5a 33/5e 33/6d 33/6f 33/6h 33/3h 20/1  6/1 6/3 6/2

Si0, 45.96 48.74 57.60 49.02 49.44 50.32 50.80 52.84 48.73 46.99 48.76 48.87°
TiO0, . 1.78 2.11 2.13 1.62 2.76 2.82 2.59 0.88 2.20 - 4.08 3.54~ 3.54
A1203 18.43 15.71 16.31 17.07 14.88 16.76 14.04 19.13 14.21 12.59 12.57 12.30
Cr203 nd nd nd nd nd nd nd nd nd 0.01 0.02 0.06
Fe0 25.22 24.67. 26.62 25.87 26.71 22.98 24.86 21.68 13.93 13.05 ..12.68 10.99
Mn0 nd 0.77 nd nd nd nd nd nd 0.26 0.62 0.66 0.64
Mg0 2.60 2.87 3.57 2.56 3.47 1.42 2.45 1.71 2.58 4.87 4.64 4.90
Ca0 3.72 3.91 4.27 4.15 3.83 4.05 3.45 5.55 9.68 2.20 2.34 2.21
Na,0 0.05 nd 0.29 0.31 0.92 1.11 1.11 0.01 3.31 1.46 1.64 | 2.02
KZO 0.06 nd 0.29 0.18 0.25 0.08 0.08 0.05 1.83 2.61 x2.78 2.94
PZOS k nd nd nd nd nd nd nd nd 5.06 11.03 10.55 10.98
TOTAL 97.81 98.78 100.88 100.78 102.25 99.53 99.39 101.85 101.79 99.41 100.18 99.49

Sample K33 has the following mineralogy:
- Sample 20 is anorthosite with less than 1% orthopyroxene and apatite as a minor phase; Sample
" is charnockite with orthopyroxene,
as a minor phase.

colored.

dark brown or black.

nd =

not determined.
Those in sample 33 are pale brown to dark purplish brown;

clinopyroxene,

sanidine,

garnet, plagioclase,

plagioclase,

Total iron expressed as Fe0.

quartz, orthopyroxene,

ilmenite;

ilmenite and apatite
Glasses in Table 2 are
those in samples 6 and 20

6

dark
are



concentration of mafic minerals. An isolated garnet will produce a given
volume of melt, which, itself, will be isolated. Such a melt may or may
not connect with other partial melts depending on the proximity of phases
such as ilmenite and sanidine. 1In the garnet granulites, where mafic
minerals (garnet and ilmenite) tend to be isolated, large amounts of
partial fusion (greater than 40%, established by point counting) are
necessary before extensive interconnection of melt is achieved. 1In.con-
trast, partial melts in layers of mafic minerals, such as in two pyroxene
granulite and charnockite, may exhibit greater interconnection of melt at
small melt fractions because of the proximity of mafic phases.

Quench crystals of orthopyroxene and spinel are not abundant in
the glass formed from the initial stages of melting (1 to 3% of the rock).
With an increase in the percent of melt, orthopyroxene and spinel guench
crystals increase in abundance in glasses produced by garnet melting. The
variability of cooling rates appears to have affected these quench products
and their textures and may also have influenced the extent of crystalliza-
tion of spinel and orthopyroxene.

Quench and Crystallization Products

Symplectites of quench-like crystals of orthopyroxene and spinel
occur in glass at garnet margins in many of the garnet granulites.
Garnets, in the xenoliths which do not have such symplectites, may instead
have thin borders of yellowish glass or, more rarely, are in direct contact
with the surrounding minerals with no evidence of fusion at all. Electron
microprobe analyses of the symplectic phases show that the orthopyroxene
is ferrohypersthene and that the spinel is hercynite (Padovani, 1977;
Padovanti and Carter, 1977).

The orthopyroxene occurs either as pale green laths or as stubby
subhedral green pleochroic grains which often are zoned. Electron micro-
probe analyses of such a zoned grain are plotted in Fig. 2. In this
example, iron enrichment is accompanied by a decrease in alumina content .
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from center to rim. The alumina content of the orthopyroxene is high and
ranges from 7 to 14 oxide weight percent (Fig. 3). Orthopyroxene occurs
also as a primary phase along with garnet and plagioclase in one type of

garnet granulite, in charnockite and in anorthosite (Padovani and Carter,
1977).

Cruciform green or purple
hercynite (FeAl04), 1 to 35
2 ' microns in maximum dimensions, has
nucleated along the margins and
™ . A skeletal interiors of orthopyrox-
ON ene in the symplectites (Plate
< 15 F - AD : lc). It has been observed also
A 8 along garnet margins and as iso-
™y lated crystals in glass bordering
\(s] i garnet and ilmenite. The purple
A ng spinels are found in glass border-
a ing ilmenite, while the green
A spinels are found in glass border-
5 b ‘ } ing garnet. Semiquantitative
electron microprobe analyses
indicate that the purple color is
probably due to a greater concen-
= k e uk b tration of titanium (approximately

EN 50 60 - 70 80 s 0.3 to 0.5 weight percent Ti0j)
than that observed in the green
Fig. 3. Weight percent Al03 spinel (up to about 0.3 weight
plotted versus mole percent ferro- percent TiO, (Padovani, 1977.
silite in symplectic orthopyroxene
from quartzfeldspathic garnet In two pyroxene granu-
granulites. Squares and circles lite, charnockite and anorthosite,
represent samples from group 1 partial fusion of orthopyroxene
granulites, while triangles is characterized by symplectites
represent samples from group 2 of quench-like skeletal olivine
granulites. in glass along its margins.

Apatite, when present as a minor

phase in charnockite and anortho-
site, occurs as discrete anhedral grains and as subhedral to euhedral '
inclusions in plagioclase and can contribute up to 10 oxide weight percent
P,05 to the glass compositions within such xenoliths (Table 2) (Padovant,
1977) .

Discussion

The mineral assemblages present in the garnet granulites, the
composition of the garnets, and the absence of the hydrous phase biotite
indicate that these granulites formed at pressures greater than those
required for the breakdown of cordierite and that the equilibrium tempera-
ture had to be greater than that required for the breakdown of biotite
(Holdaway and Lee, 1977). This suggests minimum equilibrium P-T conditions
of 5.4 kilobars and 700°C. Equilibrium temperatures of 750° to 1000°C are
indicated from feldspar geothermometry (Stormer, 1975; Padovani, 1977;
Padovani and Carter, 1977). Application of geobarometry to the garnet-
plagioclase equilibrium yields a pressure range corresponding to depths of
22 to 28 kilometers (Ghent, 1976; Padovani, 1977; Padovani and Carter,
1977). This is equivalent to a geothermal gradient of approximately
30°/km in this depth range beneath the southern Rio Grande Rift.
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The percent rock melted (established by point counting) was
plotted versus the range in temperature to determine whether or not there
is a correlation between the amount of fusion within the xenoliths and the
calculated temperature. It can be seen from Fig. 4 that the lowest
equilibration temperature (sample 54) correlates with the most extensive
fusion, so there appears to be no direct relationship between visible melt
and calculated temperature.

50 « ’ . The composition of ulvo-
spinel exsolution from ilmenite may
be used to indicate both temperature

Rims Cores and oxygen fugacity at the time of

40 | 0—¢ their formation (Buddington and
O 4 ® 4 rindsley, 1964). However, the

o ulvospinel rims on ilmenite grains

) o> ®s within the xenoliths have reacted

30 | . N aAls With the surrounding melt and are
: inhomogeneous with respect to major

O 47 and minor elements. Thus, the rims

20 |- cannot be used to indicate temper-

054 054 ature and oxygen fugacity at the

o——e time the xenolith was incorporated

Oe2 Me2 into the eruptive process. In

10 | contrast, ulvospinel lamellae found

' in the interiors of ilmenite grains
oa—a are homogeneous and may be used to
indicate conditions at the onset of
fusion. Electron microprobe
analyses of lamellae and host from
one sample indicate a temperature of
about 1000°C and oxygen pressure of
about 10-12 atmosphere (Buddington

Fig. 4. Percent of rock melted, as and Lindsley, 1964; Padovani and

established by point counting, versus Carter, 1977).
its temperature range calculated by

Percent of Rock Melted

[o] —t 1 —y

600 800 1000 1200

Temperature,° C

using the method of Stormer (1975). Melts in this suite of
Open and closed symbols, respectively, rocks formed under anhydrous condi-
represent temperatures calculated tions and in many xenoliths the
from electron microprobe analyses of initial stages of melting have been
the rims and cores of potassium preserved. The apparent lack of
feldspar (Padovani, 1977). mixing of melts, now seen as

glasses, of Fe, Ti-rich, Si-poor

(ilmenite-rich) composition and K,
Si-rich (sanidine-rich) composition may be due to metastable immiscibility
(Plate 2a). Irvine (1976) has demonstrated experimentally that large re-
gions of metastable immiscibility exist in the system Mg3Si04-FeSi04-Cadlj
Si208 KAlSi30g-Si02. Given the appropriate intermediate to basic melt com-
positions and the presence of fusable components such as Fe-rich pyroxene,
ilmenite, potassium feldspar and apatite, the potential for immiscibility
is enhanced because of the proximity of the low temperature cotectics
between plagioclase and the mafic minerals to the region of immiscibility.
Powell et al. (1975) noted the presence of immiscible Fe-rich (Si-poor)
and Si, K-rich glasses in mesostasis in Apollo 16 feldspathic melt rocks.
The melts in these rocks were formed by rapid disequilibrium fusion and
quenching of the melt products, a process comparable to that which produced
the melts in the xenoliths. An alternative explanation for the apparent
lack of mixing of melts in the xenoliths may have been simply insufficient
time for diffusive mixing. With advanced melting and the appearance of
orthopyroxene and spinel as crystallization products, mixing appears to
become more efficient (Plate 1ld, Plate 2b).
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The lack of thorough mixing of melts of different compositions,
the existence of melts of variable composition within small regions within
a xenolith, and the presence of melt crystallization products suggest that

these melts formed under disequilibrium conditions.

In addition, the

compositions of the melts formed do not resemble those compositions
predicted by either equilibrium fusion or fractional fusion of a lower

crust of intermediate composition. (Figs. 5 and 6)

1973).

AN

@ ANORTHOSITE

A GARNET GRANULITE,SAMPLE 33
A GARNET GRANULITE,SAMPLE 54

(Presnall and Bateman,

Fig. 5. Normat-
ive proportions of
AB, AN and OR
normalized to 100
percent of glasses
from Kilbourne Hole

granulite facies
xenoliths. Tri-
angles represent
glass compositions
from garnet granu-
lites, while the
circle represents a
glass composition
from anorthosite.
The line m-n shows
the approximate
trend of Sierra
Nevada rock compo-
sitions (Presnall
and Bateman, 1973).
Note that the trend
exhibited by open
triangles is deriv-
ed from a single
thin section and

OR its contained vari-
ability of glass
compositions.

A GARNET GRANULITE, SAMPLE S|
A GARNET GRANULITE, SAMPLE 9

AB

The fusion textures observed in the Kilbourne Hole xenoliths
provide some limits to the disaggregation of material of this composition
at depth. During the initial formation of melt, the melt is restricted to
the boundary of and/or to cracks within the phase being melted. The shape
of the developing melt pocket reflects the shape of the adjacent grains
which are not undergoing melting. Thus, the shape of the pocket is highly
variable depending upon local geometries between the melt phase and its
non-melting matrix. The interconnection of melt in the xenoliths at low
melt fractions is highly dependent on the abundance and proximity of
garnet, ilmenite and sanidine in the quartzofeldspathic granulites and of
pyroxenes and ilmenite in the two pyroxene granulites and charnockites.

Yoder (1976) notes that little data is available on the determina-
tion of what quantities of melt are required before the bridging structure
of crystals collapses under conditions of load or stress at depth. 1In
theory, approximately 50 percent melt is required for the initiation of the
collapse of an undisturbed crystalline aggregate (Yoder, 1976). The melt
textures in the garnet granulites support this theory since greater than
40 percent melt formed before any extensive interconnection of melt and
disaggregation of the parent material was produced (Plate 1d). Melt
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F textures within the
pyroxene granulites
also reflect the
abundance and distri-
bution of mafic
phases but exhibit
less extensive melt-
ing. In general,
when hydrous phases
are present, there

is greater inter-

BJ TYPICAL GRANITE connection of melt at
T) TYPICAL, TRACHYTE Smaller melt frac_
tions than is observ-
ed in the garnet
granulites. The
partial melts in the
xenoliths are compa-
rable to those formed
under static condi-
tions where melts are
formed due to heating

@ GARNET GRANULITE,SAMPLE 33
© GARNET GRANULITE, SAMPLE 54
< GARNET GRANULITE,SAMPLE 51
<> GARNET GRANULITE,SAMPLE 9

X GARNET FROM SAMPLES 9 & 33

® ILMENITE FROM SAMPLE 33

© GARNET GRANULITE (WHOLE ROCK)
&) ANORTHOSITE,SAMPLE 20

[C] CHARNOCKITE, SAMPLE 6

A M in undisturbed condi-
tions. Under these
Fig. 6. AFM diagram showing the relationship of circumstances, it is
glass compositions to major phases and estimated unlikely that anhyd-
whole rock compositions of quartzofeldspathic and rous felsic melts
mafic granulites. Skaergaard trend of iron enrich- could move far from
ment is shown for comparison (Wager and Mitchell, their source region
1951) . Diamonds represent glass compositions from because of their high
garnet granulites, while the squares enclosing the viscosity. Under
letters A and C represent glass compositions from conditions of load or
anorthosite and charnockite respectively. Whole stress, "disturbed"
rock compositions of "typical granite" and conditions such as
"typical trachyte" are taken from Turner and may exist in the
Verhoogen (1960). ) lower crust, the

possibility of filter
. pressing and buoyancy
of crystal-liquid mushes must be considered. The extent of melting that
must be obtained before migration of melts occurs under conditions of load
or stress in the lower crust has not yet been determined for rocks of this
composition.

The experimental data of Keesman et al. (1971) can be used to
place upper limits on the amount of heat added to the xenoliths to produce
the observed symplectites associated with garnet. At temperatures above
1088°C and pressures up to 10 kilobars, almandine melts incongruently to
hercynite-cordierite-liquid and hercynite-quartz liquid, respectively. . At
temperatures between 1150° and 1200°C and at pressures of 1 atmosphere to
12 kilobars, almandine melts incongruently to hercynite-liquid. Since
quartz and cordierite are absent from the crystallization products produced
by garnet melting and since equilibrium temperatures of 750° to 1000°C are
indicated for the garnet granulites, the experimental data of XKeesman et

al. (1971) suggest that the xenoliths may have experienced an increase of
not more than 200° to 400°C because of the general lack of fusion
(Padovani, 1977). Furthermore, the high alumina contents of orthopyroxene

in the garnet breakdown assemblages suggests an upper limit of 1100°C for
its occurrence (4dnastasiou and Seifert, 1972; Stahle, 1975).
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The mineralogies and textures observed in the interstitial
glasses and their quench products are similar to those reported by Stahle
(1975) in rocks of similar composition which have undergone rapid fusion
in response to meteorite impact shock melting. He found aluminous ferro-
hypersthene, spinel and glass as phases of a shock-induced breakdown
assemblage of almandine garnet in gneiss fragments from the Ries Crater,
Germany. In contrast to the Kilbourne Hole garnet granulites, the garnet
gneisses from the Ries Crater are strongly shocked and contain isotropic
glasses of silica and plagioclase composition. In addition, the highly
zoned garnets from the Ries Crater exhibit multiple sets of planar
deformation features, which are not observed in the garnets from Kilbourne
Hole, and the latter show no observable zonation with respect to major
elements. High alumina contents (up to 10 oxide weight percent) are
characteristic of the orthopyroxene in the Ries Crater assemblages similar
to those observed in the xenoliths. The Ries Crater assemblages containing
garnet and its breakdown products are considered to have formed at high
post-shock temperatures and rapidly diminishing pressures directly after
the passage of shock waves (Stahle, 1975). .

From the lack of shock induced features, it can be inferred that
the glasses in the Kilbourne Hole granulites were not produced by impact
melting. One hypothesis for the origin of the glasses in the
xenoliths invokes heating in, or in the vicinity of, basaltic magma at .
depth and subsequently cooling them on the earth's surface after rapid
transport during explosive volcanic eruptions. McGetchin (1975) has cal-
culated that flow velocities in kimberlite pipes averaged 30 meters/second
at depth and accelerated to 300 to 400 meters/second near the surface due
to gas expansion. The preferred hypothesis, suggested by the observations
of Stahle (1975), is that the xenoliths melted largely due to decompression
at close to their wall rock temperatures. Since the percent of melting
within any given xenolith is uniformly distributed throughout the xenolith,
decompression may have had greater effect on melting relative to heating
by the basaltic magma. This model satisfies the requirement that the
xenoliths undergo partial melting but not total fusion, and that the melt
so produced be quenched before either complete diffusion between melts of
different compositions has occurred or before extensive crystallization
has occurred in the melt and/or glass.

Conclusions

1) The partial fusion which affected the Kilbourne Hole garnet
granulites, two pyroxene granu'ites, charnockites and anorthosite was of a
disequilibrium nature as evidenced by the lack of complete mixing of melts
on a microscale, the varied chemistries of the melt crystallization
products and by the variability in the amount of melt produced.

2) The partial fusion appears to represent disequilibrium melt-
ing during transport to the earth's surface in alkali basalt
magma.

3) The melts so produced were quenched after rapid transport to
the earth's surface.

4) Incipient melting reflects adjacent mineralogies with garnet,
pyroxenes, sanidine and ilmenite the phases most often affected.
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5) Continuous interconnection of melt has not been observed in
anhydrous quartzofeldspathic garnet granulites until greater than 40%
melting has occurred. In two pyroxene granulites and charnockites,
greater interconnection of melt at smaller melt fractions is observed and
reflects the abundance and distribution of mafic phases.
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EVIDENCE OF PARTIAL MELTING IN THE
JOSEPHINE PERIDOTITE

Henry J.B. Dick*
Yale University
New Haven, Connecticut 06520

(Extended Abstract)

The Josephine Peridotite is an alpine-type peridotite, 640 km2 in
area, located on the western edge of the Klamath Mountains of southwestern
Oregon and northern California. The peridotite massif is an eastward
dipping thrust sheet which overlies the Rogue volcanics and Illinois River
Gabbro. Dick (1976, 1977) has suggested that the peridotite may have been
emplaced from a marginal basin to the east over an area of active late ..
Jurassic island-arc volcanism represented by the gabbro and volcanics.

The peridotite is largely harzburgite (> 95%) with scattered
patches of dunite (< 5%), and irregular seams of orthopyroxenite and
olivine websterite. The average harzburgite modal composition is 78 + 6%
olivine, 20 + 5% orthopyroxene, 1.3 + 1.3% diopside and 0.6 + 0.3% a
chromian spinel. 1In the harzburgite, olivine ranges from Fogg_ g5 to Fogj, 2
while the orthopyroxene ranges from Engy_ 3 to Eng]_ 9. Accessory spinel,
unlike the silicates, has a large range of composition in the harzburgite
with Cr/(Cr+Al) ratios from 0.18 to 0.76. -

The ultramafic rocks in layered intrusions, the only crustal
ultramafic bodies comparable to alpine-type peridotites, differ signifi-
cantly from the Josephine Peridotite. Whereas gabbroic rocks associated
with layered intrusions greatly exceed in volume the ultramafic portion,
the proportion of gabbroic to ultramafic rocks in the vicinity of the
Josephine Peridotite is approximately 1l:1. ©No layered intrusion is known
to contain a thickness of ultramafic rock comparable to the kilometer thick
exposed section of the Josephine Peridotite. Layered intrusions are
characterized by diverse lithologies and mineralogies and typically have
large systematic ranges of silicate compositions with restricted spinel
compositions.

Fractional crystallization and partial fusion are not simply the
opposite of one another: fractional crystallization produces diverse
lithologies and a large range of mineral compositions while partial fusion
is expected to leave a so0lid residue of nearly uniform composition and
mineralogy (Presnall, 1969; Dick, 1977). The Josephine Peridotite, then,
has all the features of a residue of partial fusion. As might be expected,
olivine-spinel geothermometry indicates nearly uniform crystallization
temperatures across the peridotite, which is to be expected for the residue
of partial fusion (rather than the range of temperatures found in layered
intrusions and expected for fractional crystallization).

* Present address: Department of Geology and Geophysics, Woods Hole
Oceanographic Institution, Woods Hole, Massachusetts
02543
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Fig. 1. Irregular seams of olivine websterite in harzburgite.
The larger seam at the center has been partially replaced by dunite.
The high chrome content in the pyroxene of the olivine-websterite
has resulted in chromite enrichment (black specks) where it has been
replaced. The pyroxene in the harzburgite and olivine websterite
stands out as it is more resistant than the olivine to weathering.

Fig. 2. Tabular orthopyroxenite, one of a parallel set in the
harzburgite, crosscutting dunite.
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The minerals in the Josephine Peridotite show systematic
variations in composition (Fe, Al, Ca depletion, Mg, Cr enrichment) from
pyroxene-rich to more refractory pyroxene=poor harzburgites consistent
with a limited variation in the degree of fusion and melt removal (Dick,
1977, 1976).

\ Olivine websterite, orthopyroxenite, dunite and chromitite
together constitute a very small proportion of the peridotite with very
important petrogenetic significance. Olivine websterite occurs as
irregular seams and layers locally in the peridotite (Fig. 1). The modal
composition of these layers plots in the 01-Opx-Cpx ternary diagram in a
linear manner which mimics the position of the high pressure olivine-
forsterite cotectic in much the same manner as granite compositions plot
near a ternary eutectic minimum-melt composition. The olivine-websterites
then are thought to represent the congruently crystallized products of
pockets of trapped melt in the harzburgite.

Dunite and chromitite occur together in the harzburgite, with
the chromitites invariably enclosed in dunite. The dunite occurs as
irregular patches, tabular bodies, and pods ranging in size from a few cm3
to thousands of cubic meters. Dunite is found cross-cutting and replacing
the olivine websterite and harzburgite on all scales (Fig. 1l). It can be
clearly shown that the formation of the dunite occurred in situ and )
involved the replacement reaction: pyroxene =+ olivine + spinel + liquid.
On the other hand, many of the larger bodies of dunites contain cumulus
chromitite ore bodies which range in size from a few kilograms to
thousands of metric tons. These ore bodies clearly fractionally crystal-
lized from a melt. As their enclosing dunites crosscut layering in the
harzburgite country rock, both dunite and chromitite are thought to be lag
deposits precipitated from relatively large bodies of melt which were
passing through the mantle to the crust. This is to be expected of such
melts as the field of olivine contracts on the basalt liquidus at low
pressures (0'Hara, 1968). The dunites, such as are shown in Figs. 1 and
2, however, probably did not form in this manner. It is evident that
there are many generations of dunite in the Josephine Peridotite
(Himmelburg and Loney, 1973; Dick, 1976) and there appears to be a complete
gradation from the small irregular dunite patch replacing pyroxenite
(Fig. 1) up to the huge dunite bodies encompassing a major cumulus ore
deposit. The smaller dunites have probably formed, then, due to late
stage incongruent melting of the peridotite and leaching of pryoxene from
wall rocks due to the movement of melt through the peridotite.

Formation of the dunites by desilicification of the peridotite
by water vapor is unlikely for three reasons: 1) The chromitites within
the small dunites have formed at high temperatures (Dick, 1977). Thus the
introduction of water would cause the peridotite to melt anyway. 2) There
are cumulus chromitites in many dunites indicating precipitation from a
melt. 3) Dunite is ubiquitous in the peridotite; its formation due to
desilicification by water vapor requires the penetrative flow of an
enormous volume of water vapor through the peridotite, for which evidence,
other than the dunites, such as hydrous phases, is completely lacking.

. Orthopyroxenite occurs as tabular dikes in the harzburgite.
These bodies are often aligned with one another as though they were
following a joint pattern. Many of them contain euhedral chromite and
crosscut dunites. They may represent late stage crystallization of melt
sweated out along joints, by the reaction melt + wall rock olivine -
enstatite, at the end of partial fusion and cooling of the peridotite.
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The observations at the Josephine Peridotite may put some limits
on models for magma generation. Dick (1977) has pointed out that some
melt must have been trapped in the peridotite throughout the course of
partial fusion. The presence of many generations of dunite, with cumulus
chromitite ores in the peridotite indicates, however, that significant
bodies of melt did segregate within the mantle and rise to the crust.

The range of ore compositions (DZick, 1976) indicates that a range of magma
compositions was produced, while the varying degrees of deformation of the
dunite residues suggests this occurred over a range of depths. The
impression one receives, then, is that magma generation in the mantle must
have occurred by fractional fusion with incomplete removal of melt at

any one time (a residue = solid + trapped melt). Magmas were evidently
produced at a range of depths with a range of compositions, probably
reflecting increasing degrees of depletion of the source rock during
upward ascent of the mantle.
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STRUCTURAL CONTROLS ON PARTIAL MELTING IN THE LANZO PERIDOTITES

Francoise Boudier and Adolphe Nicolas
Laboratoire de Tectonophysique
Université de Nantes
BP 1044
44037 Nantes cedex, France

Abstract

The study deals with natural partial melting in the Lanzo lherzo-
lite massif and with experimental melting performed on cores from this
massif while a deviatoric stress was applied. The relations between
plastic flow and simultaneous melting are investigated. During experiments
the incipient melting appears at grain boundaries and cracks parallel to
0. In natural melting, feldspar lenses corresponding to about 5% melting
in the lherzolite do or do not coalesce depending on the intensity of the
plastic deformation. When it is intense, parallel lenses form; in the case
of rotational shear flow, they parallel the inferred flow plane, which lies
roughly 15° off the foliation plane. Feldspathic veinlets grade into gab-
broic dikes which are commonly perpendicular to lineation in the host
peridotite. Some gabbroic dikes have dunitic walls and were probably fed
by extensive partial melting in the host peridotite along the margins of
the dikes. Field observations show that the so-called dunitic "dikes" are
probably the residua that remain after complete removal of gabbroic or
pyroxenitic magma.

No difference is noticed in microstructures and mineral preferred
orientations between unmelted lherzolites and those deformed in the pre-
sence of about 5% melt, suggesting that the plastic properties do not
necessarily change with 5% melting.

INTRODUCTION

The problem of partial melting of peridotites, especially lherzo-
lites, is of prime importance since there is now a consensus that basalts
and gabbros derive from this process occurring in the upper mantle. The
geochemical and petrological aspects of this problem have been dealt with
considerably more care than the physical and mechanical ones. Questions
such as: where the first molten products are generated, how they coalesce, *
and how they affect the mechanical and rheological properties of the rock
have not received all the attention they deserve. Answering them would
contribute to an understanding of what is softening the low velocity zone
(Goetze, in preparation) or would provide a better basis for electrical
conduction models in the mantle (Chan et al., 1973; Shankland and Waff, in
preparation). The studies in this field are mainly oriented toward explain-
ing how partial melting affects seismic velocities and attenuation. They
are theoretical (Walsh, 1969; 0'Connel and Budianski, 1974) and experiment-
al (Stocker and Gordon, 1975); a few have investigated how partial melting
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affects the creep propertiés (Auten et al., 1974; Arzi, 1974). Direct
observations on the geometry of partial melts in naturally or experiment-
ally deformed peridotites have not been reported yet.

The lherzolite massif of Lanzo (Western Alps) is a preferred place
to study the process of partial melting. During its plastic flow emplace-
ment into the continental crust, it equilibrated in the feldspar lherzolite
facies. Since only some parts of it underwent partial fusion, the massif
contains a range of structures corresponding to a range of fusion, from
incipient melting to more than 25% melting (Boudier, 1976). The freshness
of the rocks in the massif facilitates observations. The present study
investigates the mechanics of melt coalescence during plastic flow of the
host peridotite and complements previous work on the petrology and geo-
chemistry of gabbroic partial fusion (Boudier, 1972; Boudier and Nicolas,
1972; Menzies, 1974; Loubet, 1976). We will report on evidence from the
Lanzo massif but will include data from harzburgite massifs in Turkey and
from deformation experiments on Lanzo peridotite conducted at hypersolidus
temperatures.

Terminology and its background

A kinematic interpretation of textures and fabrics in the perido-
tites, and especially in the Lanzo massif was proposed by Nicolas et al.
(1972, 1973) and reviewed in Nicolas and Poirier (1976). It was shown
that, due to the homogeneous deformation of these rocks, it is possible to
correlate the orientation of the principal strain axes determined from the
study of penetrative field structures, with the orientation of the princ-
ipal kinematic axes determined from the study of preferred lattice orient-
ation in olivine and enstatite:

- principal strain axes (X > Y > Z)

X = direction of mineral elongation, parallel in the field to a spinel-
aggregate lineation.

Z perpendicular to the foliation plane (plane of mineral flattening).
Y = intermediate axis, perpendicular to X in the foliation plane.

- principal kinematic axes (a,b,c)

a = flow line approximated by the maximum of slip directions in olivine and
enstatite: [100],; and [001]gp-

c = normal to the flow plane approximated by the maximum of slip planes in
olivine and enstatite: (010),7 (high temperature) or (001),; (low temper-
ature), and (100)en.

b = perpendidular to a in the flow plane.

- relations between strain and kinematic axes

- rotational shear flow (simple shear):

a oblique to X by an angle a(l)

1/2 tan €

related to the shear angle 6 by cot 2a =

(1) A computer simulation of rotational shear flow has since indicated
that the true flow line may be at an angle slightly larger than o from
the X direction (Etchecopar, 1974, 1977).
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b parallel to Y

1Q

oblique to Z by o o
- irrotational shear flow (pure shear): maxima of slip directions and
planes respectively equated with the flow line and flow plane only for
large strain.
- combination of these elementary flows: o is reduced in proportion of
the percentage of irrotational shear component.

Feldspathic lenses and dikes

Boudier and Nicolas (1972) described in Lanzo feldspathic lenses
(of regular shape) and veinlets (contorted and irregular) on the one hand,
indigeneous (previously called "in situ") and intrusive gabbro dikes on the
other. The mineral modes of the indigeneous and intrusive dikes remain
remarkably constant at 60% labradorite, 30% diopside and 10% olivine, with
the exception of special types of intrusive dikes observed only locally.
Ill-defined boundaries preclude meaningful measurements of modes of felds-
pathic lenses and veinlets any thinner than one to two centimeters thick.

The feldspathic lenses and dikes are ubiquitous in the southern
body and on the western margin of the central body of the tripartite
massif (Fig. 1l). Against and inside the serpentinite rim along the western
margin of the central body, the indigeneous dikes are especially numerous
and attain sizes of a few meters; here the indigeneous dikes are enclosed
in dunites and strongly depleted lherzolites. The abundance of lenses and
indigeneous dikes decreases rapidly to the east, and only intrusive dikes
are present more than 1 km inside the western margin of the massif.

Feldspar Lenses and Veinlets

Two types of feldspar + pyroxene segregations can be distinguished
on the basis of their shape and the structure of the enclosing lherzolite.
The mildly deformed lherzolites from the center of the southern body
contain feldspar veinlets that are thin and contorted with no preferred
orientation. The veinlets are composed of slightly elongated poikilitic
crystals of feldspar enclosing corroded olivine grains. Feldspar is not
deformed (Fig. 2). The lherzolite is depleted in plagioclase and pyroxene
in the vicinity of the veinlets, to the extent of being a dunite (Fig. 3).
Exceptionally veinlets coalesce into indigeneous dikes the way roots
converge in the stem of a tree.

Elsewhere in the massif the plastic flow has imprinted mineral
preferred orientations, foliation and lineation; plagioclase + pyroxene
segregations are then better developed, with a regular lense shape (0.5 -
2 cm in width, 10-20 cm in length) and aligned, but it is possible in the
field to trace their origin to streaks of a few individual grains of feld-
spar oblique to the foliation. In thin section, it is no longer possible
to observe any poikiloblastic texture of the feldspar grains which are
strained. Evidence like that given in Fig. 4 indicates that the feldspar
has grown from triple junctions and grain boundaries by corosion of the
olivine neighbours. The corrosion is faster along grain boundaries and
subboundaries.
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Fig. 1. Contours
of the Lanzo massif
showing the field
distribution of
feldspathic lense
gabbro dikes and
dunites.

>
Fig. 2. Plagio-
clase grains in
small lenses (PI,
heavy contours).
These poikilitic
crystals are
believed to have
crystallized
from the incip-
ient melt,
reacting with the
surrounding
olivine (Fig. 4).
Micrograph,
crossed
polarizers.

Fig.
dunites from an area of mild deformation
(Mte. Arpone).
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Fig. 4. Drawing after a micrograph
comparable to that of Fig. 2. The
plagioclase (Pl) has reacted with the
olivine grains (01l) from triple
junctions and along grain boundaries.
The corrosion is faster along grain
o2 boundaries and subboundaries (dotted

0'2’/ ol
‘\é%%éé'gé%é e lines) resulting in concave contours.

Assuming that the depletion in lherzolite next to the gabbro
lenses is produced by the formation of these lenses, it is possible to
estimate the amount of melt corresponding to these lenses. This was done
by solving the overdeterminated system for major elements compositions:
normal lherzolite = depleted lherzolite + minerals from gabbro (Boudier,
1976). A good fit was obtained for a melt corresponding to 5% partial
fusion of the normal lherzolite.

Structural setting

The lenses are oblique with respect to the foliation, usually in a
single direction and occasionally in two conjugate directions (Fig. 5 and
6). They are often en echelon (Fig. 5), and may give evidence of rotation

10cm

S DRSS

-

Fig. 5. Various patterns of lenses and veinlets observed in
‘a plane parallel to the mineral lineation (L) and normal to
the foliations (see also Figs. 6, 8 and 9).
a) en echelon pattern typical of rotational shear flow.
b) symmetrical conjugate set typical of irrotational shear
flow.
c) asymmetrical conjugate set indicating a change from
irrotational to rotational shear flow.

from their previous orientation (Figs. 5 and 8). Boudier and Nicolas (1972)
interpreted the lenses as tension gashes; this interpretation must be
revised. Fig. 7 gives the lenses orientation with respect to the foliation
and aggregate lineation in the central body where the flow was rotational:
the mean angle between the lenses and the foliation is only 15°. The angle
should be larger in tension gashes and would increase in case of a rotation
due to subsequent shear. Indeed this rotation occurs (Fig. 8) and explains
departures toward angles larger than 15° on the net. Observations in thin
section suggest that the lenses form in the plane containing the slip
planes of olivine and enstatite and considered as the flow plane. Indeed
in the central body of Lanzo this flow plane is usually inclined at about
15° to the foliation, Boudier (1976). The block diagram of Fig. 9 illust-
rates the relation between lenses, foliation and lineation, and flow plane.
The lenses coinciding with the flow plane can be used to determine the
shear sense in a rotational shear flow. The sense remains the same as in

67



t
Fig. 6. Oblique feldspathic lense in a

P lherzolite with a strong plastic deformation
(Stura di Viu).

&> S

Fig. 7. Orientations of poles of feldspathic
lenses and veinlets in Lanzo. Lower-hemisphere
equal area projection, contours per 0.45% net area;
structural reference system: foliation vertical EW,
aggregate lineation horizontal EW. A and B are
respectively for the central and southern bodies;

A) 81 measurements, contours approximately at 1, 2,
4, 8%; B) 51 measurements, contours at 2, 4, 8%.

= Fig. 8. Oblique
feldspathic vein-
lets: in the upper
part of the picture
a conjugate set of
veinlets has been plane \__ 7
rotated with respect P
of the foliation.
Some veinlets tend
to grow into
gabbro segreg-
ations (Rio
Ordagna) .
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Fig. 9. Theoretical block dia-
gram illustrating how the feldspar
lenses (black) coalesce in the flow
plane the orientation of which is
assumed from slip orientations in
olivine and enstatite (hatchings).



the previous interpretation (tension gashes) (Boudier and Nicolas, 1972).
The conjugate sets of lenses have been observed mainly in one locality
(Castello Camerletto) where no obliquity is reported between foliation and
mineral preferred orientation (Boudier, 1976, p. 30). This latter fact
suggests an irrotational flow in which case the two sets of lenses would
coincide with the two shear planes associated with this flow regime.

The lenses and veinlets can locally grow into gabbroic segrega-
tions as illustrated by Fig. 10. As in the case of indigenous dikes,
depleted lherzolites surround them but they do not have any continuity and
there is no reason to consider them as transitional between lenses and
indigenous dikes.

Fig. 10. Various pat-

terns of coalescence of

veinlets observed in a

plane parallel to the min-
N ; eral lineation and normal
\\TGK to the foliation. The
surrounding lherzolite is
locally depleted (sketches
after pictures, see also
Fig. 8).

GABBRO DIKES

Indigenous dikes and dunites

Alth'ough the indigenous dikes were probably fed in part by extra-
neous magma, their name is justified by the fact that they also have bor-
rowed materials from their wall rocks. The typical indigenous dike is
symmetrically bound by layers of dunite grading away into a lherzolite
depleted in a plagioclase and diopside (Fig. 11); the thickness of the
dunite band is proportional to that of the dike; there is a vague comb
structure inside the dike; both the dike and the dunite walls can be folded
and foliated; the contact of the dike and the dunite is interdigitated and
close examination of it reveals a continuation of the dunite into the dike

Fig. 11. Indigenous
gabbro dike with dunite
walls (Mt. Arpone).
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as olivine septa (Fig. 12) which seem to be oriented close to the foliation
and hence could have a tectonic origin; a magmatic origin is also possible
with the magma circulating parallel to the septa.

ey Fig. 12. Block diagram showing the
olivine septa at the contact between
the gabbro dike (dots) and its dunite
wall (blank) and how they are orient-
ed with respect to the foliation S
and mineral lineation L.

; AN
dike “dunite

The gabbro dike may have migrated out leaving behind the dunite
and depleted lherzolite walls. This leads to the so called dunite "dikes".
Their origin as partial melting residua is suggested when relics of the
gabbro dike are left behind, and when the websteritic primary banding from
the surrounding lherzolite can be traced into dunite as a seam of spinel +

orthopyroxene grains (Fig. 13) (1), such evidence has been observed in
Lanzo, in the Hatay harzburgite massif in Turkey, in Josephine peridotite
(Dick, 1977) and in Burro Mountain (with pyroxenes relicts). It 1is pos-

tulated here that the dunites observed in the tectonic peridotites are such
residua; when they are parallel to the pyroxenitic layers, they may be part
of an earlier layering transposed after a partial melting episode.

Intrusive dikes

In Lanzo, three types of
intrusive dikes have been observed.
They all sharply cut the undepleted
lherzolite. The most common type has
the same composition as that of the
indigenous dikes: they are 20 cm
thick or more and internally layered
with a comb structure at the margins
and a more homogeneous and fine-
grained structure in the center
(Fig. 14). They may be slightly
foliated and gently folded. Later
dikes are either enstatite bearing,
one centimeter thick and absolutely
undeformed or andesine-augite-olivine
bearing, a few decimeters thick and
undeformed. The later dikes are
restricted to specific areas and will
not be discussed further in this
study.

Fig. 13. Drawing after a photo-

graph of deformed gabbro dyke (ga) Intrusive dikes from the

cutting dunite (du). In the dunite, Antalya harzburgite massif in Turkey,

the primary banding (Sp) is pre- considered below, are enstatite-

served as a seam of spinel plus bearing and strongly foliated and

orthopyroxene. (Lh) = lherzolite. lineated (Juteau, 1974; Juteau et al.,
WIFT) .

(1) Moreover olivine in the dunite has the same Fo content as in the
adjacent lherzolite: Fo91 (Boudier, 1972).
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Fig. 14. 1Intrusive
gabbro dike, cross cut-
ting the pyroxenitic
layering (Castello
Camerletto) .

Origin of the Lanzo dikes

Earlier petrochemical calculations (Boudier and Nicolas, 1972;
Boudier, 1976) have shown that the indigenous dikes crystallized from a
composite magma formed by addition of an extraneous magma corresponding to
a moderate (less than 5%)melting with one locally generated and correspond-
ing to an extensive (up to 30%) melting. Should the composite magma be
allowed to move into fresh lherzolites it would give birth to an intrusive
dike. This interpretation is supported by the analogous range of bulk
composition in the two sorts of dikes. Following a suggestion by Dickey,
we believe that the extraneous magma was overheated due to its chemical
equilibration with the lherzolite at a deeper level, and it reacted
strongly with its lherzolite walls and triggered the extensive partial
melting resulting in the formation of the indigenous dike. On the other
hand, the composite magma if injected into the lherzolite penetrates it at
1250°C (Boudier, 1976) a temperature at which it is no longer reactive.
The temperature of the overheated extraneous magma can be estimated from
our experimental partial fusion on the Lanzo lherzolite. It indicates that
the complete melting of enstatite leaving olivine-spinel residuum occurs
around 1400°C. This was the situation at the walls of the indigenous
dikes (dunite residuum); therefore this magma was at 1400°C or above.

Other possibilities have been suggested by Coleman and Obata
(personal communications) to explain depleted margins without overheating.
They call on the enrichment in a melting agent (COp or H,0). We discarded
this possibility considering the absence of any hydrated phase in the
gabbros.

Structural setting

As no difference appeared in the attitudes of the indigenous and
intrusive dikes from Lanzo, they have been plotted together on the nets of
Fig. 15 with respect to structural axes. The dikes tend to orient them-
selves perpendicular to the aggregate lineation.
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Fig. 15. Orientations of poles to gabbro dikes in Lanzo.
Lower hemisphere, equal area projection, contours per 0.45% net
area; structural reference system: foliation vertical EW,
aggregate lineation horizontal EW. A and B are respectively for
the central and southern bodies; A) 86 measurements, contours
approximately at 1,2%; B) 102 measurements contours at 1,2%.

The intrusive dikes from Antalya are plotted on Fig. 16 with
respect to geographic coordinates. The plot on the same net of the best
computed axis for the spinel lineation and pole of foliation planes
(Juteau et al., in press) indicates that the gabbro dikes tend to be at
various angles to the foliation but intersect with this plane parallel to
the spinel lineation.

Fig. 1l6. Geographical orientations of gabbro
dikes in Antalya. Lower hemisphere, equal area
projection; 243 measurements, contours at 0.4,
0.8, 1.6, 2.5, 3.3 and 4% per 0.45% area. The
solid line and the dot are respectively the best
computed foliation and mineral lineation in the
massif; the dashed line is the best computed
dike orientation.

Experimental Melting Under Uniaxial Compressive Stress

Experimental conditions

Experiments of partial fusion have been conducted in a Griggs
solid medium apparatus. A compressive stress was applied to investigate
its influence on the melt coalescence. Cores from a Lanzo feldspar perido-
tite (1) were used directly, after dehydration at 100°C, in view to deter-
mine the nominal temperature at which each mineral phase disappears. The

(1) Modal composition: olivine = 64; orthopyroxene,= 17,5; clino-
pyroxene = 7,5; spinel = 1,5; plagioclase = 9,5.
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cores were Pt jacketed and the sample assemblies were dry (Alsimag sleeves).
Eight successful runs were performed at 7Kb and temperatures between

1150°C and 1600°C with a longitudinal temperature gradient between 50°C

and 400°C. Runs varied in time from 1 to 10 hours.

Results

The complete melting of feldspar occurs within a few degrees above
1180°C. It results in pockets of tholeiitic melt with slightly different
compositions(l) due to the temperature gradient and probably local depart-
ure from equilibrium. The melt pockets are connected by channels along
which the other minerals suffer corrosion. Clinopyroxene disappears
around 1250°C, and orthopyroxene between 1400°C and 1450°C. The initial
amount of melt does not conspicuously exceed that of the former feldspar.
The channels follow grain boundaries but can also follow cracks into grains
(Fig. 17). They are more abundant, parallel to oj; melt products have also

Fig. 17. Micrograph of experi-
mental melting in a Lanzo lherzo-
lite. The glass is concentrated
at grain boundaries and cracks
parallel to the oj; direction.
Grain boundaries corroded by
glass look darker and strained.
The glass pockets (upper left,
middle and lower right) look
lighter.

been identified in oblique shear zones. Coalescence of melt in cracks and
at grain boundaries parallel to oj is more spectacular in a series of
similar experiments conducted at 15 Kb with a spinel lherzolite, because it
can be studied starting from an incipient melting lower than 1%; melting is
then much more gradual (Fig. 18). In particular, tiny channels of melts
have been observed penetrating into olivine crystals at a small angle to
01. Similar observations are reported by Avé Lallemant and Carter (1970)
in experiments conducted with powders. The channels are initiated at grain
boundaries, always pointing towards the warmer and more molten part of the
specimen with, at their termination, a negative crystal due to corrosion
(Fig. 19). For amounts of melting in the range of 20% and above, the melt
pockets are moderately flattened perpendicular to oj.

(1) Glass microprobe analyses were performed by M.H. Beeson.
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Fig. 19. Micrograph of the
countered area in Fig. 18 showing
incipient melting: tiny channels
of melt slightly oblique to o
penetrating olivine crystals,
ending by a negative crystal due
to corrosion.

Fig. 18. Drawing after a picture
of the experimental assemblage for
partial melting experiments under
stress. The melting in this spinel
lherzolite is important in the
central part of the specimen (gray
decoration); at the colder ends the
incipient melting (dashes) follow
the stress trajectories.

Discussion

Time relation of partial melting and plastic deformation

The gabbro lenses and dikes in Lanzo were produced by partial
melting as evidenced by the occurrence of residual dunite and depleted
lherzolite at their contact. This partial melting event took place during
the plastic deformation as deduced from the following evidences.

i) The lenses and dikes have special orientations with respect to the
plastic deformation structures (foliation and lineation). These orientat-
ions cannot have been attained by rotation during the flow, in contrast to
the dikes in Antalya where this is possible (see below).

ii) In the southern body, the indigenous dikes can be gently folded and

the wall-dunites are foliated with a related olivine preferred orientation
(Boudier, 1972). In the northern body where the deformation was active at
temperatures well below the solidus, dikes are boudined and their minerals
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always strained. At the crystal scale the same sort of conflicting )
observations are reported: 1in lenses the feldspar is strained but on the
other hand this mineral reacts with olivine, presenting triple junctions
involving a subboundary (Fig. 4); this indicates that the plastic flow
substructure predates the corrosion. These conflicts are reconciled by
considering that the melting occurred during the plastic flow.

iii) Mineral equilibrations in lherzolites affected by plastic deformation

indicate maximum temperatures on the feldspar lherzolite dry solidus
(Boudier, 1976, p. 106).

Coalescence at incipient melting

The incipient melting (< 1%) observed experimentally, impregnates
grain boundaries and cracks parallel to o; and shear zones oblique to o07;
corrosion channels through olivine and again subparallel to o] have been
reported. Attributed to this stage in small lenses of naturally molten
lherzolites are the feldspar grains reacting with olivine along grain
boundaries and subboundaries, often starting from triple junctions.

Coalescence in feldspar lenses

Evidence from experiments supported by an approximate calculation
shows that all the feldspar melts in a 10G°C interval. This suggests that
when the feldspar lenses formed in the Lanzo lherzolite the rock contained
5 to 10% melt. Where the deformation is weak the coalescence exceptionally
exceeds the stage of producing monomineralic contorted veinlets (Fig. 3);
where the deformation is strong the lenses readily attain one or two
centimeters in thickness; at the same time they concentrate in the shear
planes. In the case of rotational shear flow, they stand at some 15° from
the foliation in the shear plane as it is defined by mineral preferred
orientations (Fig. 9). From there they may rotate during flow subsequent
to melt crystallization. They can also form an en echelon pattern. These
orientations with respect to the foliation are readily used to specify the
sense of shear. The veinlets can grow to become irregular gabbroic
segregations developing a depleted area in the lherzolite around them.
There is no evidence that these segregations represent transition towards
indigenous dikes.

The question of how this 5 to 10% melt product concentrates in the
shear planes (a single shear plane in rotational deformation, two conjugate
shear planes in irrotational deformation) is not understood. Such a melt
concentration in shear planes is observed at the incipient stage of melting
in experiments conducted with an applied stress, together with another
concentration in fractures parallel to the direction of the applied stress.

An important point is that the lherzolite microstructure and
mineral preferred orientation in these areas where lenses are described
differs in no conspicuous way from areas where traces of partial melting
have not been found (compare in Boudier, 1976, p. 35-36 and p. 38). This
suggests that the presence of 5-10% melt in the rock does not drastically
change its plastic properties in keeping with some experimental evidence
(Arzz, 1974).
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Gabbro dikes and dunites

The indigenous and intrusive dikes in Lanzo have the same comp-
osition and the same orientation in the field. This is explained in the
following manner: an extraneous magma corresronding to a moderate perido-
tite melting at greater depth and overheated at 1400°C or more (or a fluid
rich magma) is injected in the lherzolite the temperature of which is
1250°C. It triggers a local and extensive melting, leaving the dunite
walls of the indigenous dikes as residua. If the composite magma thus
generated remains there it will crystallize into an indigenous dike. If
it is injected into an undepleted lherzolite it will constitute an intrus-
ive dike, leaving behind the so-called dunite "dikes" which are indeed,
in Lanzo and in other visited massifs, residua of partial melting.

In this interpretation the magmas responsible for the two kinds
of dikes are both injected into the lherzolites over a short interval of
time, thus explaining why they have the same composition and orientation
in the field. They tend to gather at a large angle to the aggregate
lineation (that is in a stretching orientation).

A different orientation has been recorded in Antalya where the
intrusive dikes form various angles with the foliation but tend to contain
the lineation. Considering their intense internal deformation and the
dominant constrictive character of the strain in that massif (Juteau et
al., in press), their orientation can be explained by a rotation during
the flow from any previous orientation towards that of the llneatlon, but
other explanations cannot be ruled out.
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PARTIAL FUSION VERSUS FRACTIONAL CRYSTALLIZATION: HYPOTHESES FOR THE
DIFFERENTIATION OF THE RONDA ULTRAMAFIC MASSIF OF SOUTHERN SPAIN

John S. Dickey, Jr., Masaaki Obata, and C. John Suen
Department of Earth and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Abstract

The Ronda ultramafic massif of southern Spain was differentiated
into peridotite (85 to 90%) with mafic segregations before it was elevated
to the crust from deep in the lithosphere. No primary igneous textures
are preserved because of extensive metamorphism during elevation of the
massif from the lower lithosphere. Some features can be identified,
however, which apparently relate to the differentiation of the massif.
These features, involving the forms, bulk-compositions and phase equilibria
of the mafic segregations, suggest that the differentiation process was a
multi-stage process involving partial fusion and subsequent modification
of the partial melts by crystal fractionation and, possibly, remelting.

Introduction

The surface of the earth contains a few places where masses of
ultramafic and related rocks have penetrated the outer lithosphere as hot,
solid intrusions. These high-temperature peridotite intrusions typically
create substantial contact metamorphic aureoles, contain notably high
concentrations of magmaphile elements (such as Si, Ti, Al, Fe, Ca and Na),
and contain phases and textures which have developed along decreasing T-P
gradients.

Several of these peridotite massifs contain segregations of mafic
rocks, varying in mineralogy from garnet pyroxenites to olivine gabbros,
and chemically approaching picritic basalts. How these segregations formed
remains a mystery. Carswell (1968), Kornprobst (1969) and Dickey (1970)
proposed that such segregations in the Almklovdalen, Beni Bouchera and
Ronda peridotites, respectively, represent melts formed by partial fusion
of mantle peridotite. As an explanation for the rocks partial fusion has
several advantages over fractional crystallization: no ultramafic magma
is required; the observed chemical uniformity of the host peridotite would
be readily achieved; and the segregations are close to compositions from
which basalts might be derived. Yet attempts to confirm the partial fusion
hypothesis by geochemical tests have met with only marginal success, and in
the case of the Ronda massif geochemical and experimental studies have
demonstrated that fusion alone cannot explain the mafic segregations as
they now exist.
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Description of the Ronda Massif

; The Ronda ultramafic massif is the world's largest high tempera-
ture peridotite intrusion, covering 300 km2 near the south coast of Spain

between Marbella and Estepona (Figure 1). This mass of peridotite and
related rocks is a 1.5 km thick slab which has been thrust north from high
density roots in the Alboran Sea (Bonini et al., 1973). Surrounding the

massif is a contact metamorphic aureole (part of which is also allochthon-
ous) which indicates last equilibration temperatures of approximately 800°C
at the contact (Loomis, 1972; Dickey and Obata, 1974).

Figure 1. Locations of the
major peridotite massifs in the
Betic-Rif orocline. Bouger
gravity anomalies (in mgal.),
shown as dashed lines, are from
Bonini et al. (1973). Positive
anomalies as high as +110 mgal.
ALBORAN SEA ]l occur within the +50 mgal.
closure southeast of the Ronda
massif. Petrological descrip-
tions of the Ronda, Ojen and
Beni Bouchera massifs can be
found in Dickey (1970),
Hernandez-Pacheco (1967) and
Kornprobst (1969) respectively.

~+50— _ _ |
-

The Ronda massif is 85 to 90 percent peridotite. In addition the
massif contains sheets of mafic rocks and a variety of discordant dikes.
Some of the dikes may be indigenous to the massif; some may be related to
exotic magma systems; and some may represent anatectic magmas formed by
partial fusion of crustal rocks during the emplacement of the hot perido-
tite. There are also graphite- and cordierite-rich dikes which apparently
originated by intrusion and metamorphism of hydrocarbon-charged mud during
the final emplacement of the massif (Dickey and Obata, 1974).

Mafic segregations occur within the peridotite as sharply bounded
layers, from 1 cm to 3 m thick, in which are concentrated (relative to the
host peridotite) such magmaphile elements as Si, Al, Fe, Ca and Na. These
mafic layers have fairly uniform chemical compositions (average: 47% Si0Ojp,
14% Al03, 7% Fe as Fe0O, 17% Mg0, 12% Ca0, 1% Nap0 and less than 0.01%
K,0); however, they vary in lithology from eclogites to gabbros and are
defined in terms of 3 major groups characterized by the presence or absence
of garnet and olivine:

Group I Garnet Pyroxenites
a. Cpx + Gar + Plag

b. Cpx + Opx + Gar
c. Cpx + Gar

80



Group I Garnet Pyroxenites (continued)

d. Cpx + Gar + Plag + Qz
e. Cpx + Opx + Gar + green Sp (ceylonite)

Group II Pyroxenites

a. Cpx + Opx + green Sp
b. Cpx + Opx + green Sp + Plag
c. Cpx

Group III Olivine Gabbros

a. Cpx + Ol + Plég + Opx + brown Sp (picotite)
b. Cpx + Ol + Plag + Qpx + opaque Sp (chromite)

Ultramafic rocks in the Ronda massif vary from garnet peridotite
to spinel peridotite and plagioclase peridotite. Lherzolite is most
abundant, followed by harzburgite and dunite. From the distribution of the
types of mafic layers and of the garhet-, spinel- and plagioclase-
peridotites it is possible to subdivide the massif into 4 mineral facies
zones (Figure 2): : "

I. Garnet Lherzolite Facies
II. Ariegite Subfacies of the Spinel Lherzolite Facies
III. Seiland Subfacies of the Spinel Lherzolite Facies

Iv. Plagioclase Lherzolite Facies

MARBELLA

MEDITERRANEAN SEA

Figure 2. Distribution of mineral facies in the Ronda peridotite
massif. GL Garnet lherzolite facies. AR Ariegite subfacies of
the spinel lherzolite facies. SE Seiland subfacies of the spinel
lherzolite facies. PL Plagioclase lherzolite facies. These

" facies are defined in the sense of 0'Hara (1967).

Most of the mineralogical characteristics of the massif, including
the distribution of mineral facies zones, were established by subsolidus
reactions in response to decompression and cooling after the mafic
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segregations were established in the mass of peridotite. Many of the mafic
segregations have complex textures due to incomplete decompression meta-
morphism. Over most of the massif the rocks re-equilibrated to low pres-
sure mineral assemblages (Group III), but in certain regions, particularly
near the north west contact, metamorphism was inhibited, and the rocks
retained higher pressure mineral assemblages (Groups I and II).

Conditions of Equilibration

The pressures and temperatures at which the rocks of the garnet
lherzolite facies equilibrated can be estimated from the compositions of
coexisting garnet and pyroxenes. Using "primary" (core) compositions of
enstatite porphyroclasts and experimental data by Mori and Green (1975) and
Akella (1976), Obata (1976, 1977) demonstrated that the garnet peridotite
once equilibrated at temperatures and pressures of at least 1100°C and
22 kbar. This corresponds to depths of 70 to 75 km. Compositions of
pyroxene neoblasts in the garnet peridotite indicate that it was later
metamorphosed at 800° to 900°C and 15 kbar (50 km). Mafic layer R127, a
plagioclase garnet clinopyroxenite within the garnet peridotite, was com-
pletely recrystallized at 800° to 900°C and more than 10 kbar (0Obata and
Dickey, 1976). Although layer R127 preserves no record of higher pressures
or temperatures this mafic segregation must have formed before the garnet
peridotite equilibrated at 22 kbar. Between 10 and 22 kbar the dry solidus
of R127 rises from 1210°C to 1300°C (Figure 3). If R127 had formed at such
temperatures after the massif rose from 70 to 75 km, the pyroxenes in the
garnet peridotite would have completely recrystallized. We conclude,
therefore, that the Ronda massif existed in its differentiated form (that
is, with mafic segregations) when it was part of the lower lithosphere.

T T 1 1 1 1
1500 i
1400} .
1300} J
&
g
5
5
o 1200} Cpx +Plag+0l+Lig - ~
a
€
d
= Cpx +Gar +Plag
s Ta | /
1100+ 4
Cpx+Plag +0l A
1000+ Mz -
|
1/
900} ) -
/£
1 1 1 ! 1 1
9 5 10 15 20 25 30
. Pressure, kbar -
Figure 3. Pressure-temperature diagram for the
composition of plagioclase-garnet clinopyroxenite
R127. Experiments run in graphite crucibles under

dry conditions.- See Obata and Dickey (1976) for
detailed discussion of methods and results.
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Differentiation of the Ronda Massif

In order to understand how the Ronda massif became differentiated
it is necessary to look beyond the effects of metamorphism and identify
features which were established by the differentiation processes. We now
recognize 6 pre-metamorphic features, related to the forms, major element
compositions and trace element compositions of the mafic segregations,
which constrain the possible hypotheses of differentiation.

1. The mafic layers typically have sharp contacts with the host
peridotites.

These sharp contacts may have been created by differential
movement between the mafic layers and the host peridotites. Nevertheless,
there is no evidence suggesting that primary megascopic gradations existed
between the mafic layers and the peridotites.

2. Modal variations exist within some thick mafic layers which may be due
to crystal fractionation or to wallrock reactions.

‘Although pyroxene-rich schlieren are present within the perido-
tites these are not features which now resemble products of crystal
fractionation.

3. The major element compositions of the mafic layers are richer than the
host peridotites in magmaphile elements.

The mafic layer compositions (Table 1) are between basaltic and
peridotitic. C.I.P.W. norms of these rocks contain 17 to 28 percent 01
(except for an orthopyroxenite which contain 8 percent 01 and 70 percent
Hy) .

High pressure norm calculations (Dickey, ms) indicate that in the
lower lithosphere these rocks would exist as garnet pyroxenites with )
accessory quantities of such phases as quartz, olivine, spinel, kyanite and
corundum.

4. Concentrations of K and P are vanishingly small (less than 0.01 percent)
in both the mafic layers and in the host peridotites.

Such low concentrations of K and P suggest that, relative to

. basalt-producing mantle rocks, the parental material of the Ronda massif
was already depleted in magmaphile elements. Alternatively, these elements
may have been removed from the differentiated massif by some unknown
process. No concentrations of K or P, which might be evidence for peg-
matitic, hydrothermal or metasomatic migrations of these elements, have
been found.

5. The liquid of one mafic layer composition (perhaps others) is not
saturated with olivine at liquidus temperatures above 8 kbar and is not
saturated with orthopyroxene under any conditions.

The results of a series of high T-P experiments on garnet plagio-
clase clinopyroxenite R127 (Figure 3) clearly indicate that liquids of this
composition would not be in equilibrium with peridotite under lower litho-
sphere conditions. This means that either the mafic layer represents a
liquid generated at less than 8 kbar, or that a reaction relationship
existed between the liquid and the host peridotite, or that the layer
"represents a crystal cumulate rather than a liquid.
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: If layer R127 formed from a low pressure melt it must have been
metamorphosed under increasing pressure after crystallization. There is no
evidence for compressional metamorphism in the Ronda massif.

If layer R127 formed from a melt generated at pressures greater
than 8 kbar it might have reacted with the peridotitic host rock upon

cooling. Such reactions involving olivine, orthopyroxene and liquid have
been documented in high T-P experiments by Kushiro and Yoder (1974) and by
O'Hara and Yoder (1967). The creation of wallrock reaction zones, composed

probably of clinopyroxene -and spinel, would isolate the liquid and
terminate the reactions. Some mafic layers have pyroxene-rich margins, but
these are not yet recognized as reaction zones.

If the layer formed as a high pressure cumulate, consisting, for
example, of garnet and clinopyroxene, it is difficult to explain the fine
scale (cm) alternation of peridotite and mafic layers which is commonly
observed. If the layer formed as a low pressure cumulate it also must have
been metamorphosed under increasing pressure (for which there is no
evidence) and it is difficult to explain the absence of chromitite layers,
which are common magmatic cumulates in mafic plutons which have differen-
tiated by fractional crystallization under crustal (<8 kbar) pressures
(cf. Thayer, 1970). There are no chromitite layers in the Ronda massif.

6. Rare earth element (REE) concentrations (normalized to chondritic
abundances) show higher REE concentrations in the mafic layers than in
the peridotites, light rare earth element (LREE) depletion in all
samples, and a Eu anomaly (positive) in only 1 sample.

Rare earth element abundances (Figure 4) were obtained by neutron
activation analysis of rock powders for which major element compositions
have previously been reported (Dickey, 1970) except for garnet peridotite
R501.

Chondrite Normalized REE Patterns J

Figure 4. Concentrations

" of rare earth elements,
relative to chondritic
meteorites, in mafic layers
and peridotites of the Ronda
massif. R251, spinel
pyroxenite. R127, plagio-
clase-garnet clinopyroxenite.
R322, olivine gabbro. R120,
olivine gabbro. R183,
olivine gabbro. R243, spinel
lherzolite. R224, spinel
harzburgite. R501, garnet
lherzolite.

Mafic Layers, "‘magmatic” o i

Peridotites a 4

0.1
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. The depletion of the peridotites in LREE is compatible with an
origin' as residues of a small degree (less than 10%) of partial melting of
a near chondritic source. The absence of an Eu anomaly in the peridotite
patterns precludes the possibility of partial melting in the plagioclase
peridotite stability field. Similar patterns are recognized for many other
mantle-derived peridotites (e.g., Frey, 1969; Frey et al., 1971; Loubet
et al., 1975). :

The REE patterns of the mafic layers are more varied than those of
the peridotites. Some patterns resemble REE patterns of oceanic tholeiites,
although the REE concentrations in the mafic layers are much lower than
typical concentrations in oceanic tholeiites. One sample (R127) is as
strongly depleted in LREE as some peridotites, while another sample (R251)
has a convex pattern with a maximum around Sm and Eu. None of the analyzed
mafic layers is as enriched in LREE as would be expected if the mafic
layers are the unmodified products of small degrees of partial melting of
the Ronda peridotites.

No single-step process is capable of explaining the REE distrib-
‘utions in the peridotites and mafic layers. The REE data suggest that the
mafic layers and peridotites may be high pressure cumulates, or the mafic
layers may be crystal fractionates from partial melt segregations, or the
mafic layers may be residual material from repeated partial fusion of
segregations which were originally formed by partial melting or by fract-
ional crystallization.

Conclusions

Even with the constraints and implications of the 6 premetamorphic
characterlstlcs described above the history of the differentiation of the
Ronda massif remains obscure. The field and chemical data appear to favor
differentiation of a solid peridotite source by partial melting and melt
segregation, but fractional crystallization of an ultramafic magma, perhaps
at great depth, is also possible. What is not possible is a simple,
single-step process. The data show that the differentiation process
involved more than 1 stage and may have been very complex.

Figure 5 illustrates how partial fusion, crystallization and melt
segregation could relate to one another in a process which is based upon
partial fusion of solid peridotite. This flow diagram shows how compli-
cated cycles could develop. The mafic segregations are divided into 2
classes: those which represent the compositions of their parent melts
(orthomagmatic) and those which lack some part of their parent melts
(depleted) . Several generations of melts may be created by partial fusion
of residual peridotite or of mafic layers. Orthomagmatic segregations may
form from any of these melts. Their definitive characteristic is that
their bulk compositions are the same as the compositions of their parent
melts. Depleted layers can also form during any cycle. Furthermore,
depleted layers can form in 2 ways: as crystal cumulates lacking some part
of the parent melt, or as unmelted residues formed by partial fusion of
mafic layers. In the absence of clear textural evidence these 2 kinds of
depleted segregations are probably indistinguishable. Such is the case at
Ronda where metamorphism has oblitterated the primary textures, but else-
where it may be possible to distinguish partial fusion residues from
cumulates.

Many of the details of the differentiation process can be
determined by further study. There is, however, 1 step for which no

85



Initial Peridotite

Partial

Fusion Orthomagmatic
. Mafic Layer
Complete
Crystallization
" (Meit
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Figure 5. Flow diagram for the partial fusion model of the
differentiation of the Ronda massif. Solid residues from
fusion may be remelted. Liquids formed by partial fusion may
be modified by crystal fractionation, liquid extraction, and
remelting. Any magmatic layer which truly represents the
composition of its parental melt is called an orthomagmatic
mafic layer. All others are called depleted magmatic mafic
layers.

evidence has yet been found: there are no known volcanic, pegmatitic or
other igneous rocks within or adjacent to the Ronda massif which can be
recognized as the fugitive constituents of the depleted mafic segregations.
There are basic volcanics of Triassic age in the Nevado-Filabride complex,
which lies between the Ronda and Ojen massifs, however (Rondeel and Simon,
1974), and future studies may show that these rocks represent the fugitive
constituents of the Ronda massif.

However it formed the Ronda ultramafic massif demonstrates that a
substantial part of the lower lithosphere is heterogeneous on a fine scale
(cm to m) and that segregations of eclogitic material are present, as
suggested, for example, by Ringwood (1958). Future investigations may
resolve the process of differentiation. Other important questions which
also may be answered are: when was the massif differentiated? where was
the massif during differentiation? and do the mafic segregations bear any
genetic relationships to basalts? :
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TABLE 1.

Compositions of Mafic Layers in the Ronda Massif

(Dickey, 1970)
Sample
R127 R251 R183 R120 R322 R343 R349

Si02 47.73 44.09 46.67 46.68 48.33 48.91 53.21
TiO, 0.73 1.12 0.24 0.19 0.31 0.06 0.09
Alzozv 16.16 14.51 17.71 12.91 11.83 11.61 5.17
Cr203 0.00 0.06 0.09 0.25 0.47 0.35 0.82
F6203 0.94 2.47 0.96 0.99 0.48 0.53 0.63
Fe0 7.84 4.97 6.15 5.43 4.43 5.81 5.42
Mno 0.15 0.14 0.14 0.17 0.12 0.15 0.14
Mgo 9.88 14.80 12.16 20.81 22.38 20.01 29.81
Ca0 14.15 16.44 14.16 10.33 9.86 11.27 3.92
Na,0 1.89 0.89 1.30 0.96 0.77 0.53 0.18
K,0 <0.01 0.01 <0.01 0.00 0.01 0.00 0.00
Hp0+ 0.35 0.24 0.37 1.03 0.52 0.56 0.33
H,0- 0.06 0.09 0.06 0.10 0.11 0.09 0.11
P,0g 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NiO <0.01 0.03 0.03 0.08 0.11 0.06 0.02
S03= 0.00 0.04 0.00 0.12 0.06 0.00 0.05
Total 99.88 99.90 100.04 100.05 99.79 99.94 99.90
or -- - -- -- 0.06 -~ -
Ab 15.76 -- 11.00 7.34 6.12 4.48 1.20
An 35.61 35.74 42.49 31.34 29.00 29.30 13.47
Ne 0.12 3.94 -- -- -- -- --
Di 28.02 35.69 22.25 15.76 15.70 21.12 4.71
Hy -~ - 1.23 14.13 23.30 25.47 69.96
01 17.19 18.13 20.66 27.98 22.90 17.51 7.74
Mt 1.36 3.58 1.39 1.44 0.70 0.77 0.91
Chr -- 0.09 0.13 0.37 0.69 0.52 1.21
Ilm 1.39 2.13 0.46 0.36 0.59 0.11 0.17
Rest 0.35 0.50 0.37 1.24 . 0.63 0.56 0.42
Total 99.82 99.80 99.98 99.95 99.68 99.85 99.79

Modes:

R127 61% cpx, 23% plag, 5% gn, 11% kelyphite.

R251 81% cpx, 8% sp, 7% plag, 4% ol, less than 0.5% ilm.

R183 51% cpx, 30% plag, 15% ol, 3% sp, 0.6% chr, 0.4% opx.

R120 23% cpx, 33% plag, 27% ol, 3% sp, 12% opx, 2% secondary.

R322 35% cpx, 22% plag, 23% ol, 16% opx, 4% chr + sp, less

than 0.5% secondary brown amphibole.
R343 15% cpx, 36% plag, 24% ol, 15% opx, less than 1% chr.
R349 79% opx, 9% ol, 7% cpx, 4% plag, 1% sp.
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NORTHERN KLAMATH MOUNTAINS, U.S.A.
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Abstract

Ultramafic rocks in some parts of the northern Klamath Mountains
in Oregon and northern California are persistently associated with a
complementary suite of gabbroic rocks. The ultramafic and gabbroic bodies
are generally small, highly deformed, and metamorphosed. If the suite of
gabbros and ultramafic rocks bear a product-residue relationship here,
individual rock bodies may be the highly dismembered erosional remnants of
one or more areally extensive ultramafic-mafic complexes. Because of the
size, metamorphism and fragmentation of the ultramafic-mafic rock bodies,
we cannot discount the possibility that they are tectonically emplaced,
unrelated rock members. Nor can we discount entirely metasomatic modifi-
cation of some members. Nevertheless, the association of serpentinized
harzburgite and dunite with internally gradational wehrlite- cllnopyroxenlte—
gabbro suggests a consanguineous suite.

In the western Paleozoic and Triassic belt, ultramafic-mafic rocks
have a persistent association with areally extensive metamorphic terranes
of higher grade than adjacent metavolcanic-metasedimentary rocks. In some
places the ultramafic and higher grade rocks are clearly allochthonous.

The metamorphosed rocks are mainly amphibolites and quartz-rich biotite
schists and are tectonically interleaved and folded with ultramafic-mafic
rocks. Potassium-argon determinations on the amphibolites in the ultra-
mafic sequence and in associated metamorphosed rocks indicate grossly simi-
lar metamorphic age relations with allochthonous ultramafic and metamorph-
osed rocks over large areas in the Klamath Mountains and Coast Ranges in
Oregon and northern California.

Introduction

Small but numerous bodies of ultramafic rocks have a close
association with gneissic and schistose metamorphic rocks of clearly hlgher
grade than surrounding more feebly metamorphosed metaclastic and meta-
volcanic rocks within the western Paleozoic and Triassic belt*. Meta-
morphosed ultramafic rocks and basic gneisses make up a sizeable part of
this higher grade terrane. Some of the basic gneisses have textural,
compositional, and mineralogical characters more consistent with plutonic.:
intrusive rocks than effusive basalts. These same basic gneisses are in
places gradational and interlayered with amphibole-and/or pyroxene-rich

* Hereafter referred to simply as WTrPz.
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ultramafic rocks. Thus, an objective of this study is to learn more about
the relationship of basic gneisses to ultramafic rocks; another objective
is to learn more about the relations among metamorphosed members of the
higher grade association. Here we focus attention on the relations
determined between ultramafic and gneissic rocks in two areas within the
WTrPz where field and petrographic relations are well known (Fig. 1).

In the Wrangle-Red Mountain area near the California-Oregon border
ultramafic and higher grade metamorphic rocks are tectonically interleaved
and separated by folded thrust faults. The highly fragmented, mélange-
like character of the metamorphic and ultramafic rocks is consistent with
an allochthonous occurrence. In the northernmost area, a part of the May
Creek Schist belt, higher grade metamorphic and ultramafic rocks are tect-
onically interleaved but a large body of quartz diorite-granodiorite is
approximately central to the metamorphic units.

Regional Relations

The relatively large volume of higher grade and more completely
recrystalllzed metamorphic rocks in such close association with small
discrete bodies of ultramafic rocks in the WTrPz is in strong contrast
with the massive Josephine peridotite and Trinity ultramafic sheets in the
adjacent western Jurassic and eastern Paleozoic belts (Fig. 1). In the
latter, ultramafic rocks are of large areal extent and metamorphic rocks
are minor or rare; metamorphic rocks are widespread, however, at the
margins below these ultramafic sheets.

This close and frequently melanged association of ultramafic rocks
with higher-grade schists and gneisses is similar to certain occurrences in
the Oregon and California Coast Ranges (Coleman, 1972; Ramp, 1976; Ernst
and others, 1970). In contrast to the Coast Range mélanges, however, these
rocks have affinities more consistent with a higher temperature facies
(Miyashiro, 1961) than the high pressure-low temperature Franciscan
association. However, the thrusted and in part allochthonous Stuart Fork
Formation at the eastern margin of the WTrPz may contain glaucophane-
lawsonite-bearing blueschists at its base (Hotz, 1973).

The abundance and size of "granitic" plutons in the WTrPz, and the
hlgher temperature nature of these rocks may indicate some similarities
with the group of formations collectively referred to as the central
metamorphic belt (Davis and Lipman, 1962). Mapping in the central meta-
morphic belt indicates a generally greater coherence of metamorphic units
than in the higher grade terranes of the WTrPz (Davis and others, 1965).

Nature of the Ultramafic and High Grade Metamorphic Association

Character and Occurrence

A variety of amphibole-bearing gneisses and schistose rocks occurs
folded with, and in some places, interlayered with ultramafic rocks. 1In
the Wrangle-Red Mountain area near the California-Oregon border, the ultra-
mafic, gneissic, and schistose rocks constitute a separate terrane within
the bounds of more feebly recrystallized metaclastic and metavolcanic rocks
of the WTrPz (Fig. 1). 1In places, metamorphic and ultramafic rocks are
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Fig. 1. Location map and distribution of ultramafic rocks and higher
grade metamorphic terranes in some parts of the WTrPz. The Wrangle-Red
Mountain area and the northern part of the May Creek Schist belt are out-
lined. The distribution of ultramafic complexes in the western Jurassic
(W. Jur.), the western Paleozoic and Triassic (WTrPz), central metamorphic
(CMB), and eastern Paleozoic (E.Pz) belts is after Hotz (1971) as are all
regional relations. Metamorphic ages were determined by the potassium-
argon method and are keyed to the analyses in Tables 1 and 2. The map
symbols are: 1) plutonic intrusive rocks, 2) ultramafic rocks, 3) amphi-
bole gneisses and schistose rocks, 4) undifferentiated low grade-feebly
metamorphosed metavolcanic and metasedimentary rocks of the WTrPz, 5) the
schists of Condrey Mountain, 6) thrust fault with sawteeth on the upper
plate.

93



separated by folded thrust faults (Hotz, 1967). Here, harzburgite-dunite
and wehrlite intergradational with clinopyroxenite and lesser gabbro are
all part of the ultramafic sequence. Folding of the sequence is frequently
recumbent but axial planes have variable dips generally flattening north-
ward into Oregon where the sequence thins. In the thinned part of the
sequence, the gently reclined, tectonically and conformably interleaved
sequence of ultramafic rocks, amphibolite gneisses and quartz-rich biotite
schists rest with discordance above steep dipping metaclastic rocks of
lower grade. Representative compositions of the ultramafic and higher
grade metamorphic rocks in this mélanged tectono-stratigraphic sequence are
given in Table 1 (sample descriptions are given in the Appendix).

In the May Creek Schist belt, the metamorphosed ultramafic rocks
are in close association with large amounts of coarse-grained metabasic
rocks that we interpret to be gabbro. These metagabbros appear to be
conformable with the gross-layered aspect of the ultramafic rocks but both
are tectonically interleaved with genetically unrelated gneissic and
schistose rocks. Metamorphic grade changes abruptly forming a zonal
arrangement that increases with proximity to the large quartz diorite-
granodiorite pluton largely central to the metamorphic belt (XKays, 1970).
Representative compositions of ultramafic and metamorphic rock units are
given in Table 1 (see the Appendix for sample descriptions).

The ultramafic bodies of this study are metamorphosed to a variety
of serpentine-, talc-, and amphibole-bearing rocks with persistent relict
minerals that may, in places, indicate the primary nature of the rocks.
Although individual ultramafic bodies have recognizable layers up to
several meters thick of dunite, harzburgite, and a variety of pyroxenites,
and gabbros, whatever internal stratigraphy may have existed on a regional
basis prior to deformation and metamorphism is now largely destroyed.
Dunites and harzburgites are recognizable from their relict minerals, and
their antigorite-rich and talc-bearing metamorphosed equivalents. Pyroxen-
ites contain varying combinations of talc, amphibole, and chlorite as well
as serpentine minerals, but also have relict assemblages. Clinopyroxenites
and clinopyroxene-bearing peridotite seem to be especially abundant in some
areas. These features form a strong contrast to those of the larger
coherent peridotite sheets (e.g., the Josephine peridotite) where possible
trapped, early cotectic melting products such as olivine websterite or
other clinopyroxene-enriched peridotites are of minor importance in
comparison to widespread harzburgite and dunite (DZick, 1975). The perido-
tites of this study are apparently more like those of the central ophiolite
zone of the Dinarides in Bosnia, Yugoslavia in which clinopyroxene-rich
rocks, gabbros, and amphibolites occur interstratified with ultramafic
masses, and the alternating layers of harzburgite-dunite are not so
abundant or widespread (Pamie and others, 1973).

There are two separate associations of amphibole-rich gneisses
with ultramafic rocks in the higher grade metamorphic complexes of this
study. In one association, coarsely crystalline, granular to poorly
gneissic and foliated amphibolites occur in close association with the
ultramafic rocks and may be gradational with those that are pyroxene-rich.
The mineralogical and compositional features of these amphibolitic rocks
also suggest a close genetic connection with the ultramafic rocks. 1In
other places, usually fine-grained amphibolite gneisses are interlayered
with metasedimentary rocks; in this case, the association with ultramafic
rocks is tectonic. Mapping is underway in some areas to determine more
precisely the proportions of the different rock types in the ultramafic-
mafic association.
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TABLE 1. Selected analyses from the ultramafic-mafic sequence and
associated high grade schists and gneisses
Ignition

Si0, Ti0, Alp03  Mg0 Fe0 Fe03 Ca0 Na,0 K50 P05 MnoO Loss V Total
A. Wrangle-Red Mountain Area
(1) TA-10-74 46.56 0.05 0.31 38.02 11.77% 0.04 0.65» b.d.** b.d. 0.15 7.32 98.87
(2) KTA-12-75 47.66 0.04 0.86 27.27 9.42% 12.58 0.03 b.d. b.d. 0.21 1.35 99.41‘
(3) KTA-7-75 55.54 0.02 2.27 23.71 5.00% 10.72 0.31 0.01 b.d. 0.17 0.87 98.62
(4) OBPKPXT 48.89 0.11 3.50 19.58 8.29 0.92 16.78 0.12 0.03 0.02 0.16 . 0.39 98.79
(5) KTA-11-75 53.46 0.47 7.85 13.10 8.20% 11.82 1.52 0.51 0.08 0.20 0.84 98.11
(6) KTA-14-71 45.76 0.43 14.12 11.75 8.36 0.93 15.46 0.21 0.17 0.15 0.14 0.99 198.47
(7) RDMTAG 46.82 1.06 20.38 3.27 10.38 1.16 10.66 3.27 0.43 0.12 0.21 0.64 98.40
(8) KTA-3-71 67.74 0.88 12.90 3.34 5.87 0.65 0.49 1.31 4.81 0.05 0.13 2.20 100.37
B. May Creek Schist Belt
(9) T-113-71 39.25 0.07 1.17 38.25 7.01 0.78 0.24 0.01 0.02 b.d. 0.12 12.8 99.72
(10) T-112-71 50.59 0.36 7.58 16.81 8.08 0.90 11.64 1.40 0.11 0.07 0.19 1.1 98.83
(11) T-115-71 46.88 1.67 15.28 4.55 9.03 1.01 16.52 2.57 0.35 0.38. 0.12 0.74  99.10
(12) T-42-68 48.53 0.64 20.43 5.39 6.33 0.71 11.05 3.35 0.69 0.10 0.25 6.79 98.26
* Total iron oxide as Fe,0+ % b.d. below detection Note: Sample descriptions and relations

among samples are given in the

Appendix.



Compositional relations

The ultramafic-mafic rocks including peridotites, pyroxenites and
closely associated, coarse-grained "gabbroic" amphibolites have a trend on
the AFM diagram that shows increasing total iron oxide and only moderate
alkali enrichment (Fig. 2A). Separation of the rocks of the ultramafic-
mafic sequence on an Al203-Ca0-Mg0 plot is shown in Fig. 2B. Wehrlites-
clinopyroxenites show a rather continuous compositional variation with

Fe Oxide Al50

3

Fig. 2. (A) AFM (Naj0 + Kp0- total iron oxide as Fej;03-
Mg0) and (B) Ca0-Al;03-Mg0 plots of ultramafic and metamorphic
rocks from the Wrangle-Red Mountain area and the May Creek
Schist belt. In the AFM diagram the triangles are ultramafic
rocks and closely associated pyroxenites-gabbros; the circles
are other amphibolites of volcanic (and/or sedimentary) origin.
In the Ca0 -Al;05 - Mg0 plot only the peridotites, pyroxenites,
and gabbros are represented.

"gabbroic" gneisses and are well separated from harzburgites-dunites.
These rocks cannot be confused with eastern Mediterranean aluminous or
plagioclase lherzolites (Menzies and Allen, 1974). Although mafic "meta-
volcanic" amphibolites have greater total iron-oxide and alkali enxichment
than members of the ultramafic association, their trend on an AFM diagram
is congruent with the sequence of ultramafic-mafic rocks. On the basis of
bulk rock compositions there is a clear chemical distinction between the
association of amphibolitized pyroxenites and gabbros and the amphibolit-
ized rocks of volcanic affinity (Fig. 3, Table 1). Clearly Mg0O-deficient
and Al703 + Na0 + Kp0-enriched, the "metavolcanic" amphibolites are also
distinguished from those of the peridotitic association on the basis of

Ca0 and the SI index (Figs. 3 and 4). Some "metavolcanic" amphibolites may
also be CaO-rich but these rocks are distinguished by their relatively low
SI index. There is a general increase in TiOj, contents with SI consistent

with increased iron oxide throughout the ultramafic-mafic sequence and
"metavolcanic" association (Fig. 5).
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Although use of "gabbroic" and "metavolcanic" in reference to
chemically distinct amphibolites infers genesis, the terms are applied on
the basis of occurrence. To our knowledge, none of the "gabbroic" amphi-
bolites occur interstratified with biotite schists whereas the inter-
stratified association of "metavolcanic" amphibolites is always clear.
This does not imply that modification of the primary compositions couldn't
occur prior to, during or after metamorphic differentiation. However, such
modification, if it occurred, must have acted to amplify the primary
character. For example, the rocks of the ultramafic association always
have high Mg0 frequently coupled with high Ca0 (greater than 10 and up to
20 wt. %, respectively) whereas the alkalies are always low (generally less
than 1 wt. %). For a comparable range in Si02 contents, rocks of the
"metavolcanic" association have only moderate Mg0 contents and in those
specimens where Ca0 contents are high (about 17 wt. %) Mg0 contents are
even lower (less than 8 wt. % generally, and as low as 4 wt. %). Where
Cal0 is high in the ultramafic association, total iron oxide is moderate to
low, whereas where Ca0 is high in the "metavolcanic" association, total
iron oxide is moderate to high (Fig. 3). These characteristics, and the
appreciably higher alkalies and Ti0O) contents of the "metavolcanic" rocks,
we believe reflect the primary character of the two rock associations.
Metamorphic differentiation and metasomatic change appear to have only
amplified the primary chemical character. Furthermore, the "gabbroic" and
"metavolcanic" amphibolites are not small or local segregations and though
affected by metamorphic differentiation are of large enough dimensions to
be recognizable in their field association.

Metamorphic ages

Older K-Ar ages from hornblendes of isolated blocks and larger
bodies of amphibolite gneiss from the Coast Range formations (Franciscan

and Otter Point mélanges, Great Valley Sequence and Dothan Formation), and
the western Jurassic belt are largely coincident with the amphibolite ages
of this study (v 150 m.y.) (Tables 2 and 3). The older K-Ar ages from

amphiboles of glaucophane schists that occur as isolated tectonic blocks in
the Franciscan and Otter Point mélange also have an upward termination of
roughly 150 m.y. (Coleman and Lanphere, 1971). The remarkable similarity
of ages and the widespread distribution of basic metamorphic rocks suggests
a thermal event of regional proportions in the Klamath Mountains and Coast
Ranges. The fact that the metamorphic rocks occur frequently within mél-
anged terranes or are in thrust relation with overlying or interlayered
peridotite sheets suggests further that the older (150 m.y.) metamorphism
developed in close relation to or culminated in thrust faulting of regional
scale.

Metamorphic ages were determined by the potassium-argon method
using hornblende concentrates from four samples of amphibolite gneiss; two
samples are from the Wrangle-Red Mountain area and two from the May Creek
Schist belt (Fig. 1). All potassium-argon analytical work was done for us
by Henry Dick at Yale University. The sample descriptions, nature of
occurrence and determined ages are given in Table 2. Samples KTA-14-71 and
T-42-68 are amphibole-rich gneisses marginal to intrusions of "granitic"
rocks in the Wrangle-Red Mountain area and the May Creek Schist belt,
respectively. Both samples show the effects of thermal overprinting and
have relatively young ages in the range 128-130 m.y. The mode of occurr-
ence of the two samples is quite different. Sample KTA-14-71 is inter-
layered with peridotite and is likely to have been a part of the ultramafic
complex prior to metamorphism. Sample T-42-68 is clearly metavolcanic and
interlayered with schistose metasedimentary rocks. Away from the influence
of the intrusion of "granitic" rocks, concentrates of hornblende from the
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TABLE 2. Potassium-argon ages and analytical data

40pr 1070 sTP
wWt. % . General
Sample No. Age M.Y. K ) (% Air Correction) Location
KTA-14-71 "128 + 8 0.14 83.04(27) Wrangle-
. Red Mtn.
RdMtAg 144 + 3 0.38 56.40(11) : Wrangle-
Red Mtn.
T-42-68 130 + 3 0.66 36.57(09) May Creek
Schist Belt
T-112-70 150 + 11 0.08 84.90(98) May Creek
o Schist Belt
CMSV* ) 155 + 3 2.04 13.15(18) Condrey Mtn.

* Whole rock analysis: from Suppe and Armstrong (1972); all other
analyses are from hornblende separates, this paper.

Sample Descriptions: KTA-14-71: S.C. SE1/4 NWl/4 Sec. 12, T41S, R2W,
Talent quadrangle, Oregon; amphibolite gneiss: tight-folded
together with serpentinized peridotite and injected by quart:z
diorite: brown-green to olive green-brown hornblende is
dominant; plagioclase and clinozoisite form thin bands.

RdMtAg: W.C. NE1/4 NE1/4 Sec. 32, T40S, R1W, Talent
quadrangle, Oregon; amphibolite gneiss: tight-folded, narrow
band in serpentinized peridotite: brown-green hornblende
dominant but plagioclase is relatively abundant; clinoziosite
is minor.

T-42-68: E.C. Sec. 25, T30S, R3W, Days Creek
quadrangle, Oregon; amphibolite gneiss intruded by quartz
diorite; hornblende is abundant along with plagioclase; some
epidote; plagioclase has poorly developed concentric zoning;
interlayered with biotite-garnet schists.

T-112-/0: N.C. NE1/4 Sec. 27, T32S, R3W, Days
Creek quadrangTle, Oregon; amphibolite gneiss with hornblende
dominant containing rare pyroxene cores; plagioclase is not as
abundant; texture, especially that of hornblende, suggests
cumulate growth of pyroxene with intercumulus plagioclase;
the rock is interlayered with serpentinized peridotite and
is locally crushed and sheared.

. CMSV(6): Location given as 122°57'44"W,
41°50'58"N, Condrey Mtn. quadrangle, by Suppe and Armstrong
(1972): quartz-muscovite-chlorite-albite schist. This
sample is from the schists of Condrey Mountain south of the
Wrangle-Red Mountain area.
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TABLE 3. Correlation of older ages of amphibolites and other basic rocks,
and high-grade blueschists from the Klamath Mountains and Coast Ranges.

Lol

Calculated Sample

Age (M.Y.) Mineral Source Number Location and Occurrence

151 + 6 hornbiende (1) 54-65 Big Craggies klippe, resting on Dothan Fm. rocks; Collier"

- Butte quad., Oregon. :

148 + 6 hornblende @) P-1064 Pickett Peak, tectonic block in Franciscan Fm., Pickett
Peak quad., California.

149 + 5 hornblende (1) 9-70 . Crevison Peak, tectonic block in Franciscan Fm.,

¢ Crevison Peak quad., 7 1/2', California.
144 hornblende (2) J82-8 Amphibolite gneiss just north of Madstone Cabin, at
‘ northern contact below Josephine peridotite, Chetco Peak

quad., Oregon.

148 hornblende (2) J87-6 Amphibolite gneiss just west of Chetco Lake, in thrust
contact below Josephine peridotite, Chetco Peak quad.,
Oregon.

150 hornblende (2) J89-1 Amphibolite gneiss just north of Vulcan Lake, structurally
below the Josephine peridotite, Chetco Peak Quad., Oregon.

153 hornblende (2) J57-19 Hornblende diorite in Rogue Fm., west of Josephine Mtn.,
Cave Junction quad., Oregon.

146 - hornblende (2) J45B Dikes, mostly dioritic that intrude the Josephine

146 J37H peridotite, Cave Junction quad. (J45B, J37H, 541D) and

150 o J41D Chetco Peak (J123-2, J57-6) quad., Oregon.

152 - J123-2 '

159 ‘ 4 J57-6



TABLE 3. (Continued)

col

Calculated - Sample

Age (M.Y.) Mineral Source Number Location and Occurrence

144 + 3 hornblende (3) RdMtnAg Narrow dike-1like amphibolite gneiss body within the Red
Mtn. ultramafic body, Wrangle-Red Mountaln area,
WTrPz, Talent quad., Oregon.

150 + 11 hornblende (3) T-112-71 Hornblende-rich '‘gabbroic'" gneiss interlayered and

. folded with peridotite, south of Devils Flat, May

Creek Schist belt. WTrPz, Days Creek quad., Oregon.

155 + 3 Whole rock (4) CMSV Quartz-muscovite-chlorite-albite schist, schist of

Condrey Mtn., Condrey Mountain quad., California.
\

Basic glaucophane schists
145 + 8 glaucophane (1) 94-67 Garnetiferous glaucophane schist, Tupper Rock jetty

. quarry, Otter Point Fm., Bandon, Bandon quad., Oregon.
150 + 6 glaucophane (1) 55-cZ-59 - Garnetiferous glaucophane schist, Ward Creek,
Franciscan Fm., Cazadero quad., 7 1/2', California.
(1) Coleman and Lanphere (1971)
(2) Dick (1976), see also Dick (1973)
(3) . Kays et al., this paper

(4) Suppe and Armstrong (1972)



amphibolite gneisses yield ages in the range 143-151 m.y. Sample RdMtAg
from the Wrangle-Red Mountain area has texture, composition and mode of
occurrence indicative of formation as a near-surface intrusive rock or as a
flow subsequently folded with the ultramafic rocks. Sample T-112-70 from
the May Creek Schist belt is also folded with peridotite, but has relict
cumulate texture and a composition which suggests that it formed as gabbro
interlayered with the ultramafic rocks.

Summary and Conclusions

The occurrence of relatively high grade gneisses and schists in
close proximity with ultramafic rocks is peculiar in that the association
in the Wrangle-Red Mountain area is completely separated by faults from
metavolcanic and metaclastic rocks of lower grade. In a structural sense,
metamorphism is shown to increase toward thrust planes generally bounded by
ultramafic rocks. The change in grade of metamorphism may not be great,
but there is always a strong improvement in the metamorphic fabrics and the
degree of recrystallization toward the tectonic boundary between the ultra-
mafic and metamorphic rocks. Although the metamorphism is of different
character, the allochthonous occurrence may be similar in a structural
sense to the "upside-down" association of blueschists and ultramafic rocks
in the California Coast Ranges (Blake, Irwin, and Coleman, 1967; Ernst and
others, 1970). A later metamorphism is associated with intrusion of
granitic rocks and has produced recognizable thermal zonation (Kays, 1970)
in the May Creek Schist belt. There is no mélanging evident here, although
the WTrPz in this area is in thrust contact with the underlying Jurassic
Galice Formation; the metasedimentary-metavolcanic rock units are cont-
inuous and traceable.

There is persistent association of ultramafic rocks and high
grade "gabbroic" gneisses. Undoubtedly, a strong deformation and meta-
morphism has had a profound effect on the primary character of these rocks.
Our own field and petrographic studies indicate that the ultramafic and
metamorphosed rocks of the mélanged association on the California-Oregon
border may have had quite a complicated history. Hotz (1967, and personal
communications) indicates that thrust faults separating ultramafic and
metamorphosed rocks of this association are folded; the evidence suggests
that the rocks were folded and metamorphosed after mélanging. Thus, all of
the rocks of this association could have been modified through metamorphic
differentiation. In addition, Coleman (1967) has shown that metasomatic
change during metamorphism of ultramafic rocks can be appreciable. Never-
theless, for reasons already stated, we believe that most change associated
with metamorphic differentiation or metasomatism is recognizable as such,
and that it is unlikely that the compositional relations reflect only later
modification of the rocks.

Thus, we interpret features such as persistent field association -
of ultramafic rocks and "gabbroic" gneisses and their interlayered nature
locally in the WTrPz, and the occasional relict cumulate textures among
pyroxenites and gabbroic rocks to be compatible with differentiation of
gabbroic magmas. In this case, differentiation resulted in iron-enrichment
with only moderate alkali gain. The ultramafic-"gabbroic" rock association
showing iron-enrichment and increasing TiOp with Fe0/Mg0 seems clearly
indicative of magmas of tholeiitic affinity (Miyashiro and others, 1970).
These rocks are, therefore, compatible with liquids derived from partial
melting of the upper mantle that ultimately leave behind "depleted" bodies
of predominantly harzburgite-dunite, such as the Josephine peridotite
complex (Dick, 1976). We suggest that the compositionally intergradational
suite of gabbros, clinopyroxenites, and wehrlites represent parts of the
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constructional pile of an ophiolite sequence. However, it is not clear,
and perhaps impossible to judge on the basis of these data, whether the
environment for differentiation was ocean floor or island arc setting. On
the other hand, the field associations, low to moderate pressure meta-
morphic facies, and the abundance of granite series plutonic rocks make a
rising island arc basement setting an attractive possibility. Some of the
"metavolcanic" amphibolites have compositions which are consistent with
liquids formed late from the same magma stem that produced the association
of ultramafic and gabbroic rocks. No direct field evidence has been found
to indicate that the "metavolcanic" amphibolites are related to the ultra-
mafic rock and "gabbroic" gneiss sequence. However, a similar association
of ultramafic-mafic and volcanic rocks has been recognized in other
complexes, e.g., Troodos (Bear, 1969; Gass and Masson-Smith, 1963), Bay of
Islands (WilliZams, 1973; Williams, Malpas, and Comeau, 1972), Canyon
Mountain (Brown and Thayer, 1966; Thayer and Himmelberg, 1968). The wide-
spread and close association of fragmented "metavolcanic" amphibolites and
peridotites here as well as in the Coast Ranges, the western Jurassic belt,
and beneath the Trinity ultramafic sheet suggests that their occurrence
together is not fortuitous.
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Appendix

Notes on Stratigraphic Relations

Wrangle-Red Mountain Area

Samples 1-6 occur as bands within larger complexes of ultramafic
rocks. 1In general the ultramafic complexes occur as folded,
sheet-like bodies above samples 7-8; the basal parts of the
ultramafic-mafic complexes are highly sheared and the immediately

underlying rocks have tight recumbent folds. "Gabbroic"
amphibolites are not so abundant but clinopryxoene-rich ultra-
mafic rocks are widespread. Biotite schists dominate in the

interlayered sequence over amphibolite gneisses.
May Creek Schist Belt

Samples 9-10 are interlayered and folded together in an ultra-
mafic-mafic complex that rests above sample 11; sample 12 is
intruded by quartz diorite and interlayered with pelitic schistose
rocks. Amphibolite gneisses may have coarse-grained, poorly
banded and perhaps relict, gabbroic texture and occur immediately
adjacent to ultramafic rocks, and in places may be interlayered
with them. Amphibolite gneisses interlayered with biotite schists
have a mapped distribution that is of greater areal extent than
"gabbroic" amphibolites; however, in the latter case the mapped
distribution is as much as one-half that of associated ultramafic
bodies.
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General

Samples 7-8, 11-12 are parts of the interlayered metasedimentary-
metavolcanic sequence beneath ultramafic sheets in the WTrPz.

Sample Descriptions

(1)
(2)
(3)

(4)
(5)
(6)
(7)

(8)
(9)

(10)
(11)

(12)

Bear,

Blake,

Brown,

Highly serpentinized, amphibole-bearing peridotite.
Olivine-bearing clinopyroxenite or wehrlite.

Tremolite schist interlayered and folded with amphibolite; contains
relict clinopyroxene, orthopyroxene, and olivine.

Clinopyroxenite with exsolved patches and lamellae of orthopyroxene
in clinopyroxene. Minor amphibole.

‘Amphibolitized clinopyroxene-olivine-bearing metagabbro in perido-

tite. Amphibole is twinned grunerite-cumingtonite.

Tight-folded amphibolite gneiss containing clinozoisite-chlorite
interlayered with serpentinized peridotite.

Fine-grained, tight-folded hornblende-rich amphibolite gneiss with
plagioclase and epidote.

Tight-folded, fine-grained quartz-rich, garnetiferous mica schist.

Serpentinized talc-amphibole-bearing peridotite with relict olivine
and orthopyroxene.

Amphibole-rich metagabbro with relict clinopyroxene and plagioclase;
has possible relict cumulate fabric.

Feldspathic-epidote amphibolite with C03 and pyroxene; interlayered
with pelite.

Feldspathic amphibolite gneiss with concentrically zoned plagioclase.
Interlayered with pelitic schist.
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Abstract

Canyon Mountain tectonic peridotites are crosscut by late-stage
tabular dunite bodies that postdate the peridotite foliation. The dunites
resemble veins or dikes (1-50 cm in width) and typically occur as anasto-
mosing swarms cutting the foliation at all angles. Despite this dis-
cordance, the dunite and harzburgite share identical fabrics characteristic
of syntectonic recrystallization. Spinel foliation does not deviate upon
passing from the host peridotites through the dunite. These structural )
relationships indicate an origin for the dunites by Zn situ transformation
of the peridotite.

One occurrence of dunite in harzburgite has been studied petro-
graphically and with the microprobe. Near the margins of the dunite,
amphibole has partially replaced orthopyroxene and clinopyroxene in the
harzburgite along grain boundaries and as microveinlets. Chromian spinels
within the dunite are rimmed by alteration assemblages of ferrian chromite
+ Cr-chlorite or, less commonly, magnetite + FeNi-metal. With the except-
ion of minor alteration within 1 cm of the contact with dunite, the ferrian
chromite+chlorite assemblage is absent from the harzburgite.

Dunite-formation is inferred to be the result of a metasomatic
reaction produced by agqueous vapor percolating along a system of brittle
fractures at subsolidus temperatures. The new-formed olivine grew by in-
congruent breakdown of unstable pyroxene which resulted in the solution and
transport of Si and Ca. Olivine increased in size at the expense of pyrox-
ene by secondary grain growth, thus preserving the original fabric.

Introduction

Dunite is one of the rock types that occurs in most alpine-type
peridotites and in the ultramafic zones of ophiolite complexes. At least
five hypotheses have been proposed to explain the origin of dunite: (1)
Igneous dunites occurring in the basal cumulates of ophiolite complexes may
form by gravitational settling of olivine from mafic magmas (Jackson and
others, 1975). (2) Within the tectonite peridotite portion of ophiolites,
dunite layers, oriented parallel to the tectonic foliation, are generally
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explained as the result of metamorphic or tectonic differentiation
(Himmelberg and Loney, 1973). (3) Tabular bodies of dunite which transect
the country rock peridotite foliation in the Burro Mountain, Vulcan Peak
and New Caledonia peridotites have been interpreted as igneous intrusions
(Page, 1967; Loney, Himmelberg and Coleman, 1971; Himmelberg and Loney,
1973; Guillon, 1975). (4) On the basis of phase equilibria constraints
O'Hara (1968) has suggested that dunite bodies might form as cumulates from
primitive basaltic melts formed by <n situ melting of host peridotites.
Boudier (1972) and Dick (1976) have argued that some dunites in peridotites
are residues of extreme (; 60%) localized partial melting. (5) Bowen and
Tuttle (1949) proposed that dunite bodies might form by metasomatism:
specifically, they suggested that an aqueous vapor phase percolating
through fractures in peridotites might be capable of removing Ca and Si,
thereby transforming an olivine and pyroxene assemblage to 100% olivine.

There is considerable interest in the harburgite-dunite portions
of ophiolite and alpine peridotite complexes as representatives of the
refractory residues of the partial melting episode that formed the assoc-
iated plutonic and volcanic rocks (Carswell, 1968; Dickey, 1970; Boudier
and Nicolas, 1972; Menzies and Allen, 1974; Menzies, 1973; Dick, 1977).
Hypotheses 1 and 2 produce dunite that defines mineralogical layers in
peridotite, whereas dunites formed by mechanisms described in 3, 4 and 5
could result in crosscutting bodies. The purpose of the present study is
to examine alternate hypotheses 3, 4 and 5 for the origin of tabular dunite
bodies, as they apply specifically to occurrences in the Canyon Mountain
ophiolite, Oregon. Avé Lallemant (1976) has studied numerous occurrences
of dunite bodies in the course of field work in the Canyon Mountain Complex
and we have chosen one well-developed example (53B) for a detailed petro-
fabric, modal and structural analysis by H.G.A.L. in conjunction with
petrologic and microprobe studies by M.A.D.

Regional Setting and General Geology of Canyon Mountain Complex

The Canyon Mountain Complex in east central Oregon is one of the
few well preserved ophiolites of western North America (Thayer, 1956, 1963a,
b, 1974; Thayer and Himmelberg, 1968; Avé Lallemant, 1976). The age of
formation of the ophiolite is inferred to be Permo-Triassic. It contains,
in ascending sequence, a basal zone of tectonite peridotites overlain by an
ultramafic-mafic complex consisting of minor peridotite, pyroxenite, gabbro
and volcanic rocks.

The peridotite zone consists primarily of tectonite harzburgite
and minor amounts of lherzolite and dunite. Pyroxenite veins and dikes are
abundant, whereas gabbro and gabbro-pegmatite dikes are rare. Well devel-
oped tectonic foliations and lineations are present in all peridotites and
dunites, and in some of the overlying pyroxenites, gabbros and pegmatites.
Isoclinal folds defined by mineral layering have foliations parallel to
their axial planes and lineations parallel to their fold axes. Macro-
scopically the foliations and lineations are expressed by flattened and
elongate xenomorphic grains of spinel and pyroxene. Rare layers and rods
of peridotite strongly enriched in spinel and pyroxene occur parallel to
the foliation and lineation respectively (4vé Lallemant, 1976).

Dunite has four modes of occurrence.

1. Within the transition zone between the peridotite zone and
ultramafic-mafic complex.

110 |



The dunite occurs as bands in the basal portions of layered dunite-perido-
tite-pyroxenite-gabbro sequences. Although these dunites may have been
formed by cumulus processes, some now have tectonite fabrics.

2. Thin layers oriented parallel to the foliation of the
tectonite peridotite.

These are characteristic of the harzburgite throughout the peridotite and
may have formed by the process described in hypothesis 2.

3. Large irregular masses.

These enigmatic bodies are found in many alpine peridotites. The associ-
ation of layered chromite segregations with these units suggests that in
some instances they may be related to magmatic processes (Thayer, l970°
Dickey, 1975 Dick, 1977).

4. Small crosscutting tabular bodies within the tectonite
harzburgite zone.

This paper is concerned with the origin of this fourth mode of occurrence.

Structural Relations of the Crosscutting Dunite Bodies

The tectonite peridotite of the Canyon Mountain Complex is cross-
cut by many irregular and branching tabular dunite bodies (Fig. 1).
Although these bodies resemble dikes and veins, these terms are not used
here in order to avoid the genetic implications. The dunite weathers to a
light, dun-colored smooth surface in low relief relative to the darker
peridotite, which has an irregular surface expression due to differential
weathering of pyroxene and olivine. Spinel, which defines the foliation in
outcrop, weathers in high relief relative to the associated silicate phases
in both peridotite and dunite. Weathered surfaces on spinel in the perido-
tite are dull black whereas those in the dunite exhibit a metallic luster.

Contacts between dunite and peridotite are generally sharp but may
be gradational over the distance of a few centimeters. Gradational
contacts are irregular in detail and characterized by pyroxene-rich layers
that continue into the dunite. Fig. 2 is an example of a typical irregular
contact showing embayments of dunite in the peridotite host. The cross-
cutting dunite bodies intersect the foliation at all angles. Thus, the
linear trains of spinel present in the harzburgite cut the dunite-perido-
tite contacts at various angles. In general the spinel foliation crosses
the dunite bodies without deviating in orientation. Two subgroups of
dunite are recognized. The first typically consists of conjugate sets of
tabular dunite bodies that intersect the tectonite foliation at small
angles (e.g., Fig. la). The second (Fig. 1b) generally occurs as irregular
branching clusters of dunite bodies or narrow (1-5 cm) straight dunite
veinlets.

The preferred orientations of olivine in the peridotite and in an

adjacent dunite body are indistinguishable (Fig. 3). In both rocks strong
Z = [100] - olivine maxima occur parallel to the lineation; X = [010] - and
Y = [001l] - olivine form girdles around the lineation. These fabrics have

orthorhombic symmetry and are homotactic (4vé Lallemant, 1976).
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Fig. 1. Photographs of field relations of tabular dunite bodies.
Dunites are characterized by smooth-weathering light colored surface in
contrast to harzburgite which has a rough surface expression due to
differential weathering of olivine and pyroxene. (1A) Sample 53B was
taken from this outcrop. Note triangular-shaped remnant of harzburgite
within dunite. Foliation (roughly horizontal in this photo) in the
country rock harzburgite and the isolated remnant are identical in
orientation. (1B) An example of the narrow, anastomosing morphology of
a swarm of interconnected dunite bodies. Foliation trends from lower
left to upper right.

; ; Fig. 2. Sketch of sample 53B which shows
Harzburg/te _ Dunite the slightly irregular contact between
harzburgite and dunite. The thin section
used for microprobe analysis was taken
from the center of this specimen.
Distribution of spinels within dunite is

f}spﬁnﬁ shown. Spinels within harzburgite are not
foliation portrayed due to the difficulty of observ-
0 1 2 3cm ing them in the different lithology.

Fig. 3. Fabric rela-
tions in 53B. a -
harzburgite, b - dunite.
Data on 100 olivine
grains were taken from
dunite 53B and adjacent
harzburgite and plotted
on an equal-area net,
lower hemisphere; cont-
ours are at intervals of
1 percent per 1 percent
area; 1 percent contour
is dashed line; 2 per-
cent contour is heavy
line. Where contour
lines could not be
drawn, the maximum
percentage is indicated.
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Structural Interpretation

The orthorhombic symmetry of the olivine fabrics of the peridotite
and dunite and their associated structures was probably formed by flatten-
ing rather than by simple shear deformation inasmuch as the latter general-
ly results in a monoclinic fabric. Laboratory experiments in which syn-
tectonic recrystallization of olivine has occurred (4vé Lallemant, 1975)
yield fabrics similar to those shown in Fig. 3. Thus, it is probable that
the mechanism that produced the preferred orientation in the Canyon
Mountain ultramafic rocks was also syntectonic recrystallization. - The
olivine fabrics in the dunite and peridotite are virtually indistinguish-
able, seemingly indicating that their preferred mineral orientations formed
simultaneously. However, the dunite bodies show little evidence of having
been folded. 1In fact, to the contrary, they are randomly oriented, irreg-
ular in morphology, and clearly post-tectonic in that individual tabular -
bodies intersect the spinel foliation at various angles. At several local-
ities, small dunite bodies cut layering in deformed pyroxene-rich cumulates
that occur within tectonite harzburgites. These structural relationships
are incompatible with dunite formation prior to syntectonic recrystalliz-
ation because dunite and peridotite have different mechanical properties,
and the dunite bodies would be tightly folded had they been in existence
at the time the foliation and preferred mineral orientations developed. We
suggest, therefore, that the dunites formed in s<itu, by metasomatic trans-
formation of the parent peridotite. Percolation of the inferred fluid
phase along a system of brittle fractures is suggested by the irregular
branching pattern of the dunites, their narrow linear morphology, and their
relatively sharp boundaries. The larger grain size of the olivines in the
dunite can be explained as secondary grain growth during the transform-
ation, preserving the fabric relationships and the orientation of the B
spinel foliation. Petrologic evidence supporting this hypothesis is pres-
ented below.

Petrography and Mineral Chemistry

Petrography of the Primary Assemblages

The peridotite (53B) studied here in detail is a harzburgite
according to the classification of Thayer and Jackson (1972). The primary
constituents are olivine (77%), enstatite (15%), calcic augite (8%), and
Cr-spinel (< 1%). The rock exhibits a pronounced foliation and lineation
in both outcrop and thin section defined by a general parallelism of the
longest dimension of the mineral grains. The average grain size of olivine
is 2 mm. The pyroxene has generally similar dimensions but some grains are
as long as 1 cm. Spinels are variable in size but are generally less than
0.5 mm in diameter. The dunite consists of olivine plus minor spinel (< 1%)
and a trace of small grains of clinopyroxene. The dunite displays the same
structures as the harzburgite but the olivine in the dunite is considerably
more coarse-grained (5 mm) than in the harzburgite.

Spinel grains within both harzburgite and dunite are characterized
by similar morphologies. They range from roughly equant anhedral grains to
highly irregular branching shapes. Most grains are slightly elongate
parallel to the foliation. Olivine in the dunite tends to be xenomorphic
granular giving rise to straight grain boundaries and 120° triple point
~intersections. Textural relations among silicates in the harzburgite are
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contrasting in that the pyroxenes are highly irregular in shape.  Grain
boundaries are embayed or even cuspate. Clinopyroxene and orthopyroxene
tend to be spatially associated. Spinel is generally in contact only with
olivine but some grains are partly enclosed by both orthopyroxene and
olivine.

Alteration of Primary Minerals

Twoistages of alteration of the primary mineral assemblages are
recognized. The more recent is post-emplacement serpentinization which has
resulted in lizardite-chrysotile pseudomorphs after olivine and ortho-

pyroxene. The sample studied in detail is approximately 50% serpentinized;
a feature which tends to obscure many details of primary and secondary
textural relationships. The earlier stage of alteration is represented by

two hydration reactions which may be related to dunite formation. These
reactions are (1) the alteration of primary chromian spinel within the
dunites and (2) replacement of pyroxenes in the adjacent harzburgite by
calcic amphibole. These two hydration reactions are discussed separately
below. : -

Alteration of Primary Chromian Spinel

Primary disseminated chromian spinel grains in the dunite are in
part rimmed by Fe-rich, Al-poor ferrian chromite (Fig. 4) or an intergrowth
of Cr-maghetite and FeNi-metal. Iron-nickel sulfide is also associated
with the magnetite-metal assemblage although it was not observed in all
cases. In the harzburgite near the contact with the dunite, these alter-
ation parageneses are sporadically present in small amounts but in general
the spinels within the country rock harzburgite are not altered (Fig. 4a).
This relationship is obvious in outcrop as a result of the metallic luster
imparted to altered spinel grains in the dunites. Where a substantial
portion of an individual spinel grain has been replaced by ferrian-chrom-
ite, a rim of chromian-chlorite also surrounds the grain (Fig. 4c,d).

Veinlets of serpentine which crosscut broken spinel grains also
cut the alteration overgrowths suggesting that the latter are pre-serpent-
inization features. The association of ferrian chromite with the assemb-
lage magnetite + NiFe native metal has not been completely resolved in
genetic terms. . However, the lower oxygen fugacity implied by the magnetite
+ native metal assemblage may be the result of local equilibration with
associated sulfide (Eckstrand, 1975). Alternatively, these phases may
represent the further alteration of ferrian chromite during later serpent-
inization. Alteration of primary spinel grains in the dunite may have
occurred most readily where they were in contact with pyroxene whereas
spinels which were included in the stable olivine were less affected. This
is corroborated by the work of Evans and Frost (1975) and Onyeagocha (1974)
who found that the formation of ferrian chromite and chlorite is an
enstatite-consuming reaction.

Alteration of Pyroxenes in the Harzburgite -

Pale green anhedral amphibole occurs as small (0.1-0.5 mm) grains
in harzburgite adjacent to the dunite bodies. Amphibole is also relatively
well developed around the ragged, partially resorbed pyroxenes that occur
at the harzburgite-dunite contacts although it never exceeds one percent
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Fig. 4. Reflected light photomicrographs of spinels from harzburgite
and dunite in sample 53B. (A) Typical unaltered spinel of harzburgite
lacks ferrian chromite rim. (B) Altered spinel from dunite showing one
of two alteration parageneses. The rim of high reflectance (m) around
the unaltered core consists of an irregular intergrowth of magnetite and
more highly reflectant FeNi-metal. (C,D) Spinels (Cr) with rims of
ferrian chromite (f) surrounded by chlorite (cl). Note that the width
of the chlorite halo is approximately proportional to ferrian chromite
rim. All chromite grains in 53B are fractured as the result of late
serpentinization. The serpentine filled fractures generally cut both
unaltered cores and alteration rims without producing a substantial
alteration zone.
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in abundance. At a distance of 0.5 and 3.0 cm from the contact, amphibole
becomes progressively less abundant and it generally is absent from harz-
burgite that is not closely associated with dunite bodies. The amphibole
invariably occurs as a replacement product of pyroxenes, usually along
grain boundaries where it occurs as narrow elongate patches. Less commonly
it is observed in microveinlets cross-cutting pyroxenes. Volume changes
are not indicated by the textural relationships. -

Mineral Chemistry

Microprobe analyses of primary and secondary minerals in the
dunite and harzburgite were made in the Johnson Space Center (JSC) labor-
atory on a three channel ARL-EMX microprobe using natural standards. The
data were taken from one thin section of sample 53B across the contact
between dunite and harzburgite. Representative analyses of phases from
both lithologies are listed in Table 1. Pyroxene and amphibole analyses
represent single points, whereas olivine and chromian spinel data are
averages of 5-10 closely spaced spot analyses in the centers of grains
(100 um diameter). Pyroxene analyses record the compositions of rims
which, in contrast to the cores, generally lack exsolution lamellae.
However, even the host analyses demonstrate some heterogeneity within and
between grains, particularly with respect to Al and Cr. No systematic
variation with respect to distance from amphibole grains was found.
Analyses of pyroxenes and amphiboles were made on coexisting grains.

In general the mineral chemistry of the two lithologies is quite
similar (particularly for the olivines) although some small but important
compositional differences exist, especially in the two spinel populations.
Olivine in the harzburgite spans a very narrow compositional range
(F°89.4-89.6) that also is typical of analyzed grains in the dunite. Some
grains in dunite, such as the one listed in Table 1, are slightly more
magnesian (Fogg_g0,5) - Only two small grains of calcic pyroxene (150 um)
are present in dunite in the thin section studied. The composition of
these grains falls within the range of those analyzed in the harzburgite
in terms of both major and minor elements.

The chromian spinels exhibit a more complex pattern of composit-
ional variation (Figs. 5 and 6). The spinels in the harzburgite are unzon-
ed and have a very limited compositional range as compared with spinels in
the dunite; they are characterized by slightly lower Cr/(Cr+Al) and higher
Mg/ (Mg+Fe). 1In addition to the conspicuous rims of ferrian chromitel
(Mg0 < 10%, Al,03 < 5%, Felipta] > 50%) and magnetitite + native metal,
spinels in the dunite exhibit crygtic compositional zoning which is charac-
terized by an increase in Fe, Fet /Fet2, Ti and Cr from core to rim. Near
the rims the chemical zoning becomes very irregular, making accurate
analysis difficult. The composition of one spinel rim from a grain which
lacks optical zoning is plotted on Figs. 5 and 6.

Ten amphibole grains from four areas in section 53B were analyzed
by electron microprobe. A representative analysis is included in Table 1.
These amphiboles are intermediate members of the solid solution series
between tremolite and pargasite. The Fe/(Fe+Mg) of the analyzed grains
ranges from 0.08 to 0.11 and (Al+Na)/4 ranges from 0.60 to 0.65 (see Ernst,
1968; Fig. 10). The concentrations of chromium (l.1-1.7 wt. % Cry03),

1 Quantitative analyses of ferrian chromite are not reported due to their
extreme inhomogeneity, poor polish and an unidentified silicate phase
which was sporadically present.
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TABLE 1

Hz Hz Dun. Hz Hz " Hz Dun. Dun.

OPX = CPX CPX Amph. O0liv. Spin. Oliv. Spin.
Si07 55.3 52.9 53.1 47.8 k40.4 n.d. 40.9 n.d.
Tio, 0.05 0.23 0.32 0.57 n.d. 0.15 n.d. 0.30
A1203 2.9 3.3 2.1 11.5 n.d. 36.17 n.d. 33.62
Cr203 0.52 1.03 0.61 1.4 n.d. 29.91 n.d. 30.70
Fej0z n.d. n.d. n.d n.d n.d. 3.39  n.d. 4.41
FeO 6.8 2.2 2.1 3.3 10.2 17.13 9.2 18.13
MnoO 0.17 0.12 0.04 0.08 0.15 0.24 0.14 0.25
Mg0 33.3 17.3 17.8 19.5 48.5 13.50 49.3 12.54
Ca0 0.72 23.2 24 .4 11.2 0.03 n.d. 0.006 n.d.
NiO n.d. n.d. n.d. n.d 0.27 n.d. 0.29 n.d.
Na,0 0.00 0.19 0.15 2.1 n.d. n.d. n.d. n.d.
K,0 n.d. n.d. n.d. 0.17 n.d. n.d. n.d. n.d.
Total 100.50 99.80 100.60 97.57 99.60 100.49 99.80 99.95
Si 1.923 1.912 1.922 6.688 0.998 - 1.002 -
Ti 0.001 0.006 0.009 0.060 - 0.026 - 0.054
Al 0.117 0.142 0.089 1.896 =~ - 9.971 - 9.487
Cr 0.014 0.030 0.017 0.155 - 5.529 - 5.809
Fe*3 - - - - - 0.598 - 0.795
Fe*2 0.198 0.068 0.064 0.386 0.210 3.349 0.188 3.630
Mn 0.005 - 0.001 0.009 0.003 0.047 0.003 0.051
Mg 1.724 0.930 0.962 4.067 1.785 4.704 1.803 4.473
Ca 0.027 0.898 0.947 1.679 0.001 - 0.000 -
Ni . - - - - 0.006 - 0.006 -
Na - 0.013 0.010 0.570 - - . - - -
K - - = 0.029 - - - -
Total 4.002 4.010 4.021 15.540 3.003 24.224 3.002 24.298
Wo ‘ 1.4  47.4 48.0
En 88.5 49.0 48.7
Fs 10.2 3.6 3.3
Fo g 89.4 90.5
Cr/Cr+Al ‘ \ , ' 0.544 0.503
Mg/Mg+Fe 0.357 - 0.380

n.d. = not determined, Fe*>® in spinel calculated on the

assumption of charge balance and stoichiometry.
Cations calculated on the basis of 6,23,4 and 32
oxygens for pyroxene, oliv., amph. and spinel.
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sodium (1.9-2.2 wt. % Naj0) and titanium (0.56-0.88 wt. % Ti0y) are all
markedly higher in the amphibole than in the pyroxene that it has replaced.

Interpretation of the Mineral Chemistry

The similarity of spinel and clinopyroxene compositions in harz-
burgite and dunite suggests that in the dunite these two phases are relics
that have survived transformation without substantial chemical change.
However, the relationships are somewhat obscured as the result of slight
modification of the primary spinel chemistry due possibly to partial
reequilibration during metasomatism or later serpentinization. This view
is consistent with observations of spinel segregations and ghosts of
pyroxene concentrations that extend into the dunite from the host perido-
tite.

Evans and Frost (1975), Onyeagocha (1974) and Bliss and MacLean
(1975) examined textural and compositional relations between primary
chromian spinel and alteration products, magnetite and ferrian chromite
(or ferritchromite). These authors are in agreement that magnetitite or
Cr-magnetite is a typical product of spinel alteration during lizardite-
chrysotile serpentinization whereas ferrian chromite + chlorite is
characteristic of relatively high temperature metamorphism (greenschist to
upper amphibolite facies). Evans and Frost (1975) and Bliss and MacLean
(1975) emphasize the complexity of these alteration parageneses and the
diverse controls on the composition of metamorphic Cr-spinel. 1In general,
however, compositional change with falling temperature (in the presence of
Hp0) tends to involve a decrease in the MgAl,0, component of the spinel
with the accompanying formation of chlorite; the specific reaction depend-

ing on the coexisting silicate phases. Evans and Frost (1975) recognize
five reactions corresponding to equilibria between spinel, chlorite and
coexisting magnesium silicate minerals. The highest grade reaction appears

to be directly applicable to the Canyon Mountain example:
chlorite < 2 enstatite + olivine + MgAl;04 + 4H,0

It is possible that the ferrian chromite alteration rims and the apparently
metastable trend toward higher Cr/(Cr+Al) in dunite spinels can be explain-
ed by this reaction. Trends towards higher Fet3/Fe+2 ratios and higher
Ti0p observed in the Canyon Mountain dunite spinels are another character-
%g%i? feature of the alteration of primary chromian spinel (Onyeagocha,
Partial melting of spinel peridotite accompanied by extraction of
the resulting melt produces systematic changes in the proportions and
compositions of the residual phases (Carter, 1970; Dick, 1977). Compos-
itional trends expected in melt-residue systems include an increasing
Cr/(Cr+Al) in residual spinel due to extreme preferential partitioning of
chromium into spinel while coexisting olivine becomes more magnesian. The
final mineral chemistry is a complex function of the degree of partial melt
extracted as well as T, P and fj, and reequilibration during cooling
(Irvine, 1967; Hill and Roedder, 1974; Mysen, 1975; Dick, 1977). Petro-
genetic processes which could produce widely varying Cr/(Cr+Al) in harz-
burgite spinels include sensitivity of the spinel to degree of partial
melting and reactions involving variable amounts of trapped melt subsequent
to the fusion event. The small compositional difference between spinels
in harzburgite and adjacent dunite (cores) in the Canyon Mountain perido-
tite is trivial compared with the total range of spinel compositions found
in individual harzburgite bodies (Fig. 5). In contrast to this limited
Cr/(Cr+Al) trend there is a relatively large decrease in Mg/ (Mg+Fe) in
spinel with little or no change in olivine composition from harzburgite to
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dunite. Thus, aside from the evidence that the compositional differences
between harzburgite and dunite spinels are the result of subsolidus alter-
ation, the olivine-spinel compositions in the dunite are not wholly con-
sistent with an origin by partial melting of parental harzburgite.

The equivalence of olivine compositions in dunite and harzburgite
can be explained only if the petrogenetic process that produced the dunite
‘preserved the bulk Mg/Fe of the harzburgite. The nearly identical
Mg/ (Mg+Fe) of the coexisting olivine and orthopyroxene in the harzburgite
indicates that this constraint would be satisfied by a metasomatic trans-
formation if the reaction was essentially an incongruent breakdown of
pyroxenes (to form olivine) such that Si and Ca (plus minor Cr, Al, Ti and
alkalies) were removed from the original assemblage. The more magnesian
olivine may have formed because iron was preferentially partitioned into
ferrian chromite (or magnetite-metal) or because of the breakdown of clino-
pyroxene, which has a high Mg/ (Mg+Fe) ratio relative to olivine and
orthopyroxene.

Discussion of Amphibole Chemistry in Relation to Other Occurrences

Amphiboles in ultramafic rocks supposedly derived from the upper .
mantle have been discussed in many papers. A few ultramafic xenoliths have
been interpreted as fragments of undepleted mantle in which the amphibole
is a primary phase (Varne, 1968; Erlank and Finger, 1970). Another group
of occurrences containing kearsutitic to pargasitic amphibole are inter-
preted as the result of crystallization of hydrous basaltic melt as mega-
crysts (Kesson and Price, 1972), as intercumulus phases in deep-seated
magma chambers (Best, 1974), and as the result of reaction between trapped
hydrous melt and residual mantle (Conquéré, 197la,b; Wilshire and Trask,
1971; Best, 1974; Frey and Green, 1974; Francis and Dickey, 1974).

Pargasitic amphiboles broadly similar in composition to those
analyzed in this study, occur as an interstitial phase in several xenolith
suites (White, 1966; Boyd, 1971; Wilshire and Trask, 1971; Aoki and Shiba,
1973; Smith et al., 1973; Griffen, 1973; Best, 1974; and Francis and
Dickey, 1976). They differ from the Canyon Mountain amphibole in that they
are generally more Cr, Al, Ti and alkali-rich. In most of these examples
the formation of amphibole can be directly related to the breakdown of a
chromian phase or phases in the presence of H30-vapor. The high alkali-
contents of the amphiboles (and associated phlogopite) relative to the
parental assemblages requires addition of Na and K by the vapor.

Rare, magnesian pargasitic tremolites from the Twin Sisters
dunite, Washington are similar in general character to those discussed
above (Onyeagocha, 1973). Several lines of evidence indicate that the
amphiboles in the Twin Sisters formed by reaction between primary phases
in the peridotite and alkali-rich vapor. Like the Canyon Mountain perido-
tite the Twin Sisters is a depleted harzburgite-dunite. If one accepts
that hydrous minerals are part of the low-melting fraction of mantle
lherzolites, and are therefore lost during partial melting, pargasitic
amphibole and rare associated phlogopite are not primary constituents.

The alkalies and H20 bound in these phases are best explained as having
been introduced subsequent to an earlier episode of very extensive partial
melting and extraction of liquid. Onyeagocha (1973) has established that
both orthopyroxene and clinopyroxene reacted with vapor to produce
amphibole and olivine.
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DISCUSSION

Additional Examples of Dunite Formed by Metasomatism

Irvine (1967b) has recognized large crosscutting dunite bodies in
pyroxene-rich cumulates of the Duke Island layered complex. He attributes
their origin to metasomatic transformation on the basis of field relations
that demonstrate that relict primary layering continues into the dunite
without disruption. In addition, these bodies occur with coarse-grained
pegmatoids and coarse recrystallized zones that crosscut cumulus layering.
Thus, this occurrence supports the concept that dunites may be formed by
metasomatic transformation of pyroxene-bearing peridotites at subsolidus
temperatures. :

Within the Bushveld Complex there are irregular columnar-shaped
mineralized bodies (pipes) composed principally of olivine. The localiz-
ation of mineralization, the way in which chromite seams pass through the
pipes (albeit somewhat disturbed), and the direct replacement of ortho-
pyroxene by olivine plus associated iron-rich dunite veinlets and associat-
ed hornblende-diallage-olivine pegmatoid, all suggest a replacement origin
(Heckroodt, 1959). .

Another example of dunite bodies crosscutting layered cumulates
has been described in detail by Hess (1960) from the lower Ultramafic Zone
of the Stillwater Complex. These bodies occur as both large irregular
masses and as small veins and dike-like tabular bodies that cut primary
cumulus layering in the country-rock harzburgites and bronzitites at
various angles. As in the Canyon Mountain dunite bodies, olivine is coars-
er than in the adjacent cumulates, chromian spinel is rimmed by magnetite
and pyroxenes within harzburgite at the margin of dunites are partially
replaced by colorless calcic amphibole. Olivine directly replaces bronzite
at dunite margins. Sharp-bordered remnants of harzburgite within the
dunites are unrotated, indicating in situ formation of the dunite.

Temperature of Formation and Nature of the Vapor Phase

On the basis of the mineralogy of the host peridotite and the
mineral assemblage of the dunite bodies, two possible temperature regimes
involving separate phase equilibria are suggested. On the basis of equil-
ibria derived from the study of progressively metamorphosed and dehydrated
serpentinites, the upper temperature limit for dunite formation may be
defined by the lower stability limit of the assemblage forsterite +
enstatite + H,0 which is approximately 700°C at 2 kb (Greenwood, 1963).
Instability of diopside + forsterite + H,0 occurs at still lower tempera-
tures resulting in the formation of calcic amphibole + olivine (Trommsdorff

and Evans, 1972). The presence of CO, in the vapor phase will slightly
expand the olivine-enstatite stability field to lower temperatures (Evans
and Trommsdorff, 1974). Temperatures of less than 700°C are compatible

with the chromite alteration assemblage, ferrian chromite + chlorite (Evans
and Frost, 1975; Frost, 1975).

Experimental studies by Nakamura and Kushiro (1974) in the system
Mg25104 Si0y-H70 indicate that enstatite becomes unstable in the presence
of vapor at subsolidus temperatures much higher than 700°C. The vapor
coexisting with forsterite and enstatite contains 18 weight percent Si0y at
1280°C. This high silica-solubility provides an efficacious mechanism
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for removal of Si from a harzburgite in an open system in which vapor is
migratory. ©Nakamura and Kushiro (1974) infer that the solubility of silica

in Hp0-vapor will decrease with decreasing pressure. The presence of CO0;
in the vapor expands the Fo + En stability field by lowering Si-solubility
(Eggler, 1975). The late-stage timing of the Canyon Mountain dunites

indicates that they formed at lower pressures. However, if the 15 Kbar
phase relations extend to lower pressures (and perhaps also lower temper-
atures) this work presents a more attractive alternative than the lower
temperature model discussed above.

While calcic amphibole is probably stable in both temperature
regimes discussed, it is unlikely that the spinel alteration assemblages
are associated with the high temperature regime unless they represent a
metastable retrograde effect. The contrasting spinel-alteration in the
harzburgite and dunite may, therefore, be a function of serpentinization in
different bulk systems not genetically related to the formation of the
dunite.

High alkali-contents in secondary amphibole relative to pyroxene
in the Canyon Mountain peridotite are typical of secondary amphibole in
mantle peridotites and appear to indicate initially high alkali-concen-
trations in the metasomatic fluid. The presence of S in the metasomatic
fluid is indicated by the minor sulfide intergrown with the magnetite-
metal assemblage if indeed this alteration occurred during dunite-formation
rather than during serpentinization. The removal of Ca in solution from
ultramafic rocks during serpentinization is a very efficient process even
though it occurs at low temperatures (Barnes and 0'Neil, 1969). Thus there
is no reason to assume that Ca could not be removed in solution during
higher temperature metasomatism in the Canyon Mountain example.

Source of the Postulated Vapor Phase

If dunite-formation occurred in the high-temperature regime (as
opposed to 700-800°C), then they may reflect reactions between residual
peridotite and vapor associated with small amounts of trapped partial melt
which were not effectively segregated. KXay (1975) has proposed that one
possible consequence of cooling of the oceanic lithosphere is that volatile
species such as aqueous vapor and alkalies could be trapped in the mantle
below a progressively thickening slab of peridotite that is cooled to
temperatures below its solidus. Deformation of this uppermost mantle could
then create fracture systems along which the vapor might migrate upwards,
in which case it could result in the production of hydrous melt by local

,remelting of partially depleted peridotites. At lower temperatures, sub-
solidus metasomatic reactions such as those postulated in this paper might
occur. Post-tectonic intrusive bodies occur in the Canyon Mountain
complex, but a spatial relationship between the intrusions and the dunite
bodies is not observed. Therefore, there is no direct evidence linking
dunite formation to late-stage magmatism. Derivation of the inferred vapor
phase from the mantle is favored due to the demonstrated efficacy of .
mantle-metasomatism recorded in several xenolith suites and the need for a
silica-undersaturated fluid.

An alternative mechanism is that of sea water circulating down-
ward into the oceanic crust along fractures. Serpentinization of ultra-
mafic rocks and alteration and metamorphism of volcanic and plutonic rocks
of the seafloor is a widely accepted metamorphic process (see Miyashiro,
1973). However, detailed studies of metamorphic zonation in ophiolite
complexes indicate that seawater penetration apparently does not extend to
depths below the top of layer 3 (Christensen and Salisbury, 1975; De Wit
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and Stern, 1975) except along major fracture zones where ultramafic rocks
are exposed and serpentinized.
S

Post-emplacement metasomatism of hot peridotites by invasion of
country-rock water has been suggested by MeTaggart (1971) as a mechanism
for producing cross-cutting dunite and pyroxenite bodies. This mode of
origin is grossly compatible with structural relations in the Canyon
Mountain complex but it is considered unlikely on petrologic grounds due
to the difficulty of deriving a silica-undersaturated fluid from a crustal
source.

Summary and Conclusions

Two independent lines of evidence have been combined in order to
develop an integrated hypothesis for the origin of dunite bodies in the
Canyon Mountain ophiolite; a hypothesis first suggested for dunite-form-
ation by Bowen and Tuttle (1949). Critical structural relations indicating
that the dunite bodies transect foliation in combination with fabric data
demonstrating the preferred orientations in dunite and country rock harz-
burgite formed simultaneously are only reconcilable with post-tectonic,
in situ transformation of parental harzburgite. Consideration of altern-
ative petrogenetic mechanisms that might form small tabular crosscutting
dunite bodies suggests that this type of morphology could result from int-
rusion of magmatic dunite or very localized post-tectonic anatexis. Aside
from the prohibitive thermal constraints associated with these two hypo-
thetical magmatic processes, structural relations of the Canyon Mountain
dunites are incompatible with these modes of origin. In order for a mag-
matic origin to be consistent with the structural and fabric relations
presented in this paper, the dunites must have been recrystallized in the
same stress field as the country rock harzburgites subsequent to their
formation. Inasmuch as the Canyon Mountain dunite bodies are in general
undeformed, these requirements are not reasonably applied to the examples
described above. Small dunite bodies that replace deformed cumulates are
a further indication that the formation of the dunites occurred in the sub-
solidus. However, retention of the original fabric is consistent with
secondary grain growth by preexisting olivine grains during transformation.

Direct evidence in support of the model of <n situ transformation
is found in the replacement of pyroxenes in the harzburgite adjacent to the
dunite bodies by calcic amphibole. This amphibole provides evidence that
a vapor phase was present and is consistent with a wide range of subsolidus
temperatures. High concentrations of TiOy, Al203, Cr203 and alkalies in
the amphiboles relative to the pyroxenes they replace are compatible with
their addition to the anhydrous assemblage by the vapor phase. The high
alkali-contents are presumed to reflect initial high concentrations in the
vapor while Cr and Al and perhaps Ti may be derived locally from the break-
down of pyroxenes.

The replacement of pyroxene by amphibole in the Canyon Mountain
ophiolite is inferred to take place in response to a subsolidus reaction
between the pyroxenes and Hjy0-vapor. Secondary microfractures and disrupt-
ed grain boundaries along the margins of the dunites permitted minor
amounts of vapor to escape the main fracture system and penetrate the
country rock. If the alteration of chromian spinel to ferrian chromite
within the dunites is related to their formation and not to a later episode
of serpentinization, they also are indicative of the presence of a fluid
phase. However, they are more likely to be compatible with the lower
temperature regime (¥ 600-700°C) and, therefore, are not necessarily a
definitive criteria.
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The source and chemistry of the vapor phase are poorly known but
some inferrences have been made. The constancy of olivine compositions in
harzburgite and dunite and the lack of evidence for volume change during
dunite-formation imply an isovolumetric transformation at nearly constant
Mg/ (Mg+Fe). On the basis of these relationships it is suggested that
pyroxene underwent incongruent breakdown with the result that Si, Al, Ti,
Ca and alkalies were transported away in solution and some Mg was added.
The high alkali-contents of the aforementioned secondary amphibole
(relative to the pyroxenes they replace) is believed to reflect alkali-
enriched vapor.

The irregular branching patterns defined by anastomosing swarms
of small dunite bodies, their generally tabular shape, and their sharp
contacts are all suggestive of control of vapor migration by systems of
brittle fractures. 1In the case of early formed dunite, these bodies may
have been slightly recrystallized (e.g., deformation lamellae are present
in olivines). Narrow, linear, randomly oriented late-stage dunite veins
are clearly undeformed. This study does not provide evidence with regard
to the origin of the vapor but the high temperatures involved are more
compatible with an upward transfer than with circulation of sea water or
penetration of country rock water during emplacement. The metasomatic
effects of mantle-derived alkali-rich vapors are recorded in numerous
xenolith suites and a mantle origin for the vapor is favored here.
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3. TRACE ELEMENT AND ISOTOPIC STUDIES OF PARTIAL MELTING

RESIDUAL ALPINE LHERZOLITES AND HARZBURGITES -
GEOCHEMICAL AND ISOTOPIC CONSTRAINTS ON THEIR ORIGIN

Martin Menzies*
Department of Geology
University of California
Davis, California 95616

Abstract

Alpine lherzclites and harzburgites (Appendix A) occur as isolated
masses in the world's orogenic belts or as metamorphic basement complexes
to major ophiolites. 1In many cases the predominance of harzburgite, minor
lherzolite with associated gabbroic segregations is best explained by a
partial melting model. -Such a model is compatible with: the widespread
occurrence of harzburgite on a local and worldwide scale, the restricted
chemistry of the olivines and orthopyroxenes, the Cr-Al variation in the
spinels resulting from partial melting processes or contamination with the
melt, the totally refractory nature of the harzburgites and dunites, the
existence of segregations whose composition is similar to cotectic liquids,
and the existence of lherzolites with a major and minor element and REE
chemistry compatible with that of "pyrolite". The harzburgites contain 70-
90% olivine and 10-30% orthopyroxene which contributes to a low total REE
content (< 0.5x chondrite) and a light REE depleted profile. Such perldo—
tites also have highly radiogenic isotopic compositions (87Sr/ Sr = 0.706-
0.727), a fact best explained by the radiogenic minerals and/or serpent-
inization. The lherzolites have a more confusing history, in that the
major, minor and REE chemistry is similar to that of "pyrolite" but these
lherzolites are depleted in Rb, Sr, Ba, K, Na, etc. All the analyzed
alpine lherzolites have chondritic or light REE depleted profiles (0.5-
3.0x chondrite). Partial melts computed from such sources have REE char-
acteristics similar to oceanic tholeiites. Published 87Sr/ 6sr data has to
date negated any hypothesis which relates alpine peridotites and basalts
unless one envokes disequilibrium melting processes. Recent studies of the
constituent minerals in alpine lherzolites (Menzies and Murthy, 1976)
indicate that in four alpine lherzolites, the clinopyroxenes have 87Sr/86Sr
= 0.70228 - 0.70370. The isotopic composition of olivines and orthopyrox-
enes is 0.70290 - 0.70831 and 0.70265 - 0.70429, respectively. The highly
radiogenic nature of olivine may, however, be the result of secondary
processes. Alpine lherzolites and harzburgites represent the residua left
after one or more melting episode(s). An initial small degree of melting
depleted a "fertile" lherzolite of an alkali and light REE enriched
fraction, possibly a nephelinitic or alkalic liquid. Subsequent melting
episodes further depleted the lherzolites of a basaltic fractlon, and
ultimately produced a totally refractory harzburgite.

Introduction

i

Peridotites of presumed mantle origin occur throughout the world's
mountain belts (Benson, 1926; Hess, 1955) (alpine peridotites) and as

* Present address: Department of Geology and Geophysics, 108 Pillsbury
Hall, University of Minnesota, Minneapolis, Minnesota 55455
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basement complexes to the major ophiolites (Davies, 1969; Bezzi and
Piccardo, 1971). Since the pioneering work of Steimmann (1905, 1927) and
Benson (1926) the origins of alpine peridotites have been the subject of
controversy. Prior to their metamorphic history such peridotites origin-
ated via accumulation from a basaltic liquid or via partial fusion pro-
cesses. The first hypothesis of fractional crystallization of a mafic
liquid is advocated by Thayer (1963, 1964, 1967, 1969, 1970) and is based
primarily on the presence of relict 'igneous' textures in chromitites. The
second hypothesis requires that the harzburgite represents a refractory
residue left after the partial fusion of a lherzolite and subsequent com-
plete or incomplete removal of basaltic melt. This process was suggested
for the origin of basaltic melts (Ringwood, 1962; Green and Ringwood, 1967)
where the source material is believed to have a composition similar to that
of "pyrolite" (Ringwood, 1966).

The purpose of this short paper is to summarize field evidence,
major, trace and rare earth element data, and isotopic analyses (Menzies
and Murthy, 1976a,b,c) which strongly indicate that the partial fusion
hypothesis best explains the co-existence of lherzolite - harzburgite -
gabbro etc. Dunite bodies, however, have a variety of origins, and may
represent infolded cumulates, in situ cumulates shed from upwelling
basaltic pockets, subsided cumulates from a ridge magma chamber, refractory
dunites left after partial melting episodes, intrusive dunitic melts, or
may be metasomatic in origin.

Alpine Tectonite Peridotites

Peridotites of presumed mantle origin and exhibiting partial melt
textures exist under garnet (65-100 kms), spinel (35-70 kms), or plagio-
clase (15-35 kms) peridotite facies (Green, 1964; Carswell, 1968;
Kornprobst, 1969; Dickey, 1970; Boudier, 1972; Menzies, 1973; Menzies and
Allen, 1974; Dick, 1975; Medaris, 1972; Upadhyay et al., 1971; Loney et
al., 1971; Himmelberg and Loney, 1973; Malpas and Strong, 1975; see
Appendix A for other examples). Such a wealth of information exists on
mantle peridotites from ophiolites and alpine massifs that some attempt
will be made to summarize the relevant field and chemical data.

Field Observations

The majority of alpine and ophiolitic tectonite* peridotite
massifs are dominated by harzburgite and dunite (Carswell, 1968, Norway;
Nicolas and Jackson, 1972, Mediterranean; Gass, 1967, Cyprus; Menzies,
1973, 1974, Greece; Dick, 1975, Oregon; Loney et al., 1971, California;
Himmelberg and Loney, 1973, Oregon; Upadhyay et al., 1971, Newfoundland).
Lherzolite bearing massifs are restricted in distribution (NZcolas and
Jackson, 1972) and predominantly occur in the Mediterranean (Conquere,
1971; Dickey, 1970). Small but significant amounts of lherzolite occur in
what were previously believed to be harzburgite-dunite massifs (Menzies and
Allen, 1974). Massifs in the United States are predominantly harzburgite
and dunite although minor amounts of lherzolite have been reported

* The subsequent sections (a) to (g) will outline the field and chemical
characteristics of non-cumulus peridotites. These peridotites have
metamorphic structures and tectonite fabrics. This includes minor
amounts of tectonites with gabbroic mineralogy (Nicolas and Jackson,
1972).
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(Medaris, 1972; Himmelberg and Coleman, 1968; James, 1971; Medaris and
Dott, 1970; Moores, 1970; Raleigh, 1965; Lindsley Griffin et al., 1974;
Springer, 1974; Southwick, 1974; Ehrenberg, 1975). Many of the above
described massifs are variably serpentinized and or deformed.
Harzburgite-dunite - The complexities of alpine harzburgite-dunite
massifs are adequately described by Loney et al. (1971) and George (1975).
The harzburgite terrain contains dunite in a variety of different forms,
(1) interlayered pyroxenitic and dunitic patches, (2) interfingered
dunitic masses with strung out chromitite deposits, (3) cross-cutting ana-
stomosing veins, tabular bodies and dikes of dunite, (4) tightly inter-
folded dunitic layers, (5) isolated pods of dunite within the harzburgite
formed via cumulate processes, e.g., infolded cumulates from a magma
chamber (Dickey, 1975; George, 1975). The important observation in all of
these complexes is that the enclosing harzburgite is petrographically
monotonous on a local and world-wide scale. Within these complexes there
is a form of layering or, in some cases, tight isoclinal folding (Loney
et al., 1971). This layering, however, does not exhibit the cryptic and
modal variations characteristic of major stratiform bodies. The rather
constant ratio of olivine:orthopyroxene = 80:20 in the harzburgite implies
uniform controls on the partial melting process. :

The origin of the associated dunites, however, is not clear:
(1) The presence of tiny euhedra of spinel which cluster parallel to
contacts with enclosing harzburgite led Menzies and Allen (1974) to propose
a cumulate origin for the dunites. Such a hypothesis has been proposed by
Thayer (1970) for some time. (2) Boudier (1972) interpreted dunitic
margins to gabbroic dikelets as a refractory residue generated by high
temperatures of fusion. (3) Loney et al. (1971) proposed a magmatic origin
for the cross-cutting dunites in the Burro mountain complex. (4) Dungan
and Avé Lallemant (1977, this volume) propose a metasomatic origin for the
dunitic dikes in the Canyon mountain. (5) Sinton (1976) believes that
additional physical differentiation processes may have been associated with
partial melting processes in the formation of harzburgite-dunite massifs.

Lherzolite - Lherzolite occurs as either islands (Troodos and
Othris = Menzies and Allen, 1974) within the harzburgite or constitutes a
significant portion of the massif (Lanzo - Boudier, 1972). The lherzo-

lites are commonly five phase assemblages (olivine + orthopyroxene + clino-
pyroxene + spinel + plagioclase) whereas the harzburgites are primarily an
olivine - orthopyroxene mix, with variable spinel and accessory diopside
and plagioclase. The contact with the harzburgite is normally gradational
and the lherzolite and harzburgite contain abundant segregations and dikes
of gabbroic material. The veins contain feldspar + clinopyroxene + ortho-
pyroxene + olivine and the segregations are dominated by feldspar. The
magmatic layers within many of the complexes vary in type: magnesian
spinel pyroxenite, garnet pyroxenite, amphibole pyroxenite, lherzolite, and
gabbro (Dickey, 1970).

Lherzolite occurs as two or perhaps more types. In many of the
complexes a lherzolite is observed where the diopside is an interstitial
phase but in other bodies diopside and plagioclase seem to occur in 'seg-
regations'. Perhaps these can be referred to as unsegregated and segreg-
ated lherzolites respectively. Because of the higher modal amounts of
diopside and plagioclase within these lherzolites, they may be considered
as more fertile ultramafic rocks. The intimate association of gabbroic
dikes and segregations is of particular interest since the mineralogy of
such dikes mimics the low melting fraction of the lherzolites. Clearly a
partial fusion hypothesis best explains such associations.
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Mineral Chemistry

Olivine - Many studies of alpine harzburgites and dunites have
demonstrated the limited range in chemical composition of their
constituent minerals (e.g., Loney et al., 1971; Himmelberg and Loney, 1973).
Olivines are typically rich in Mg and have a restricted range in forsterite
content (Fogy_95). Olivines from stratiform intrusions may be just as rich
in Mg, but commonly have a greater composition range, when all the litho-
logies are considered. Olivines from alpine lherzolites (Menzies, 1973;
Boudier, 1972) and from pyroxenite veinlets and segregations are more Fe
rich (Challis, 1975; Himmelberg and Coleman, 1968), than those in assoc-
iated harzburgites.

Enstatite - Enstatite is a dominant mineral in the harzburgites
(approx. 20%) and tends to be restricted in compositional range around
Engg (e.g. Dick, 1976). The enstatites from the lherzolites are similar in
chemistry but tend to be richer in ferrosilite. The aluminum content of
the enstatites can vary significantly (Green, 1964; Challis, 1965; Medaris,
1972; Himmelberg and Coleman, 1968; Loney et al., 1971; Jackson and Thayer,
1972; Dick, 1976) and the range differs between the harzburgite (1.0-3.0%)
and lherzolite (1.5-8.0%) sub-types (Jackson and Thayer, 1972).

Diopside - Clinopyroxene occurs as an accessory mineral in alpine
harzburgites and orthopyroxenite veins. Occasionally it occurs in dunitic
bodies and constitutes up to 25% of some alpine lherzolites (Loney et al.,
1971). Clinopyroxenes are primarily chromian diopsides exhibiting a
considerable range in titanium and chromian content (Menzies, 1973), but a
small range in aluminum (1.3-2.6%) (Ross et al., 1954; Green, 1964;
Challis, 1965).

Spinel - Spinels from alpine and ophiolitic peridotites vary
significantly in Cr and Al (Thayer, 1946; Irvine, 1965, 1967; Rogers, 1973;
Menzies, 1975; Malpas and Strong, 1975; Sinton, 1976; Dick, 1976). Tern-
ary plots of Fe3+ - cr3* - Al3t reveal a significant range in Cr3+ - Al3+
but very little range in Fe3+. Alpine harzburgites tend to contain highly
chromiferous spinels as a groundmass phase and highly aluminous spinels as
exsolution lamellae in deformed pyroxenes (Irvine, 1967; Malpas and Strong,
1975). The highly chromiferous spinels are characterized by low Mg/ (Mg+Fe)
ratios. Amoeboid or euhedral spinels separated from alpine lherzolites
tend to be more aluminous than the groundmass spinels from the harzburgites
(Menzies, 1975; Malpas and Strong, 1975).

Dickey and Yoder (1972) proposed that the Cr-Al variation may be
the result of interaction with migrating basaltic melt. Menzies (1975)
reported Cr-Al variations in a suite of spinels from a lherzolite-harzburg-
ite complex. He noted a correlation between the presence of segregations
and gabbroic schlieren and the composition of the spinel. Menzies inter-
preted these segregations as in situ basaltic melt and believed that the
spinel compositional variation resulted from (partial) equilibration with
migrating basaltic melt in an environment of depleted harzburgite. Irvine
and Findley (1972) and Malpas and Strong (1975) explained spinel compos-
itional variations in a harzburgite-dunite alpine body in a similar fashion.
Since many alpine peridotite complexes may contain mantle tectonite ultra-
mafics (Davies, 1969; Menzies and Allen, 1974) subsided cumulates (Dickey,
1974; Moores, 1969) and refractory ultramafics (Bezzi and Piccardo, 1971;
Davies, 1969) the Cr-Al variation may arise from fractional crystallization
effects (Henderson, 1974) and/or fractional fusion effects.

Plagioclase - Plagioclase is commonly highly altered in alpine
peridotites and occurs as a "rodingite" assemblage (hydrogarnet + zoisite +
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epidote, etc.). Where fresh in plagioclase lherzolites or harzburgites
(Menzies and Allen, 1974) it is highly calcic in composition: Ang3 in
alpine harzburgites from Greece and Angg in the Lanzo lherzolite (Menzies,
1974; Boudier, 1972). Gabbroic dikelets and segregations contain plagio-
clase (Angp-g5) which is much more albitic.

Petrochemistry (Table 1)

Harzburgite - Chemically this group is very homogenous, based on
the consistent mineralogy outlined in the last section. The three dominant
mineral phases produce a highly refractory assemblage with bulk ratios of
Mg/ (Mg+Fe) typically in the range 0.89-0.91 (Menzies and Allen, 1974) for
the harzburgites and higher in the case of dunitic material (Mg/(Mg+Fe+Mn)
= 0.92, Loney et al., 1971). The total alkali content is less than 1000
ppm and the individual calcium and aluminum contents are both less than one
percent. This highly refractory chemistry and the constant ratio of
olivine to orthopyroxene = 80:20 imply uniform controls in the partial
melting process and cast doubt on the plau51b111ty that such peridotites
are cumulate in origin.

Lherzolite - Relative to the harzburgites, alpine lherzolites
contain significantly more diopside and plagioclase (or spinel) and as such
are richer in aluminum, calcium and titanium. The slightly more iron rich
nature of the olivines and pyroxenes (relative to harzburgite) is reflected

by lower Ni0 and a lower Mg/Mg+Fe (Table 1l). On first inspection the bulk
rock composition of most alpine lherzolites bears some similarity to esti-
mates of the composition of primary mantle (Ringwood, 1966). However,

elements such as sodium, potassium, titanium and phosphorous are normally
lower than pyrolite estimates. Such comparisons of alpine lherzolites and
pyrolite may be questioned on the grounds that "pyrolite" is a hypothetical
calculation and that these lherzolites may represent deformed cumulate
peridotites. However, Menzies and Allen (1974) pointed out several differ-
ences between alpine lherzolites and cumulate five-phase assemblages from
quasi-stratiform massifs. Apart from considerable modal variations over
short distances the cumulates have lower Ni, Cr, S and R0/5102, higher Na,
K, Ti, and P; Mg/(Mg+Fe) less than 0.87 and tiny euhedral iron rich spinels
(Menzzes and Allen, 1974).

Dunite - The high modal amount of forsteritic olivine and relative
absence of diopside and plagioclase characterize a highly magnesian dunite
with an Mg/ (Mg+Fe) ratio in excess of 0.90 (Menzies and Allen, 1974). Such
dunites have high Cr and Ni contents and very low contents of Ti, Fe, Mn,
and S. Differences in the Mg/ (Mg+Fe) ratio may be related to changes in
olivine composition.

Rare Earth Element Chemistry

Rare earth element studies of alpine peridotites (Frey, 1969,
1970; Frey et al., 1971; Garmann et al., 1975; Menzies, 1974; Loubet et al.,
1975; Kay and Senechel, 1975; Menzies, 1976; Menzies et al., 1975)
indicates that all the analyzed lherzolites, and lherzolites recalculated
from mineral REE data (Menzies et al., 1977a, 1977b), have either
chondritic or light REE depleted abundance profiles relative to chondrites,
The level of enrichment (i.e. ZREE) varies dependent on the modal amount of
diopside and the REE content of the diopside, since the olivine and ortho-
pyroxene contribute very little to the REE content of these peridotites.
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TABLE 1. Chemistry of Alpine Lherzolites and Harzburgites

LHERZOLITES - : HARZBURGITES
1 2 3 4 5 6 7 8 9 10

810, 43.63  44.69  42.75 44.28  44.77  44.93  44.7 42.41  43.87  43.47
Ti0, 0.11 0.25 0.02 0.18 0.19 0.08 - 0.06 0.04 0.0
Al,05 1.85 3.03 3.63 4.90 4.16 3.21 4.2 0.48 2.38 0.47.
Cry03 0.42 0.26 0.65 0.33 0.40 0.45 0.4 0.48 0.01 0.39
Fe,05 2.48 - 3.10 - - - - 0.83 2.18 5.44
Fe0 6.18 8.42%  5.49 8.66%  8.21%  7.58%  8.7% 7.53 6.54 3.24
Mno 0.16 0.12 0.18 0.13 0.11  0.14 - 0.16 = 0.14 0.15
NiO - 0.28 0.10 0.25 0.23 0.24 0.26 - 0.30 0.08 0.27
Mg 42.58  37.84  40.34 36.65  39.22  40.03  39.3 46.95  41.11  45.72
Ca0 2.15 2.20 3.46 4.29 2.42 2.99 2.7 0.74 0.87 0.77
" Na,0 0.14 0.18  0.06 0.35 0.22 0.18 - 0.05 0.04 0.006
K, 0 0.02 - 0.00 0.01 0.55 0.02 - 0.0l tr 0.002
S 0.01 - 0.03 - - - - 0.00 - 0.019

Total 100.01. = 97.09 99.96 100.01 99.99 99.87 100.00 100.00 97.26 99.95

* Total Fe as FeO. . o

1. Othris (Menzies and Allen, 1974); 2. Lanzo (Boudizer, 1972); 3. Troodos (Menzies and Allen, 1974);
4. Ronda (Dickey, 1970); 5. Lizard (Green, 1964); 6. Tinaquillo (MacKenzie, 1960); Oregon (Medaris,
1972); 8. Othris (Menzies and Allen, 1974); 9. Lanzo (Boudier, 1972). 80, Troodos (Menzies and Allen,
1974). . S



Lherzolites can vary from 3.0x chondrite to 0.5x chondrite (Table 2).
The harzburgites and dunites are either mildly or heavily depleted in light
REE with a low total REE content (Table 2).

The chondritic nature of certain lherzolites and the light REE
depleted nature of the harzburgites are compatible with the studies of
Schilling (1975) who computed the source material of oceanic tholeiites
from studies of basalt REE chemistry, and concluded that the range of
potential source peridotites and refractory material is compatible with the
REE data reported by various authors for alpine lherzolites. Menzies et
al. (1977b), Menzies (1976), and Loubet et al. (1975) reported that partial
melting of alpine lherzolites would produce liquids with the REE character-
istics of an oceanic tholeiite. Studies of lherzolites from the Klamath
Mountains and southern Oregon (Helmke, unpublished data; Menzies et al.,
1977a) reveal that these lherzolites are similar in REE characteristics to
lherzolites from the Mediterranean area. The diopsides and consequently
the lherzolites are more markedly depleted in light REE, somewhat similar
to an oceanic lherzolite described by Shimizu and Hart (1974).

K, Rb, Ba and Sr Relative Abundances

Studies of diopsides, separated from alpine lherzolites, reveal
low concentrations of K, Rb, Ba and Sr (Menzies and Murthy, 1977c, in
press) that were significantly lower than those reported for similar alpine
clinopyroxenes by Griffin and Murthy (1969). Shimizu (1973) reported
similarly low concentrations in diopsides separated from kimberlite nodules.

Calculation of possible co-existing liquids (Menzies and Murthy,
1976a) by the application of partition coefficient data, indicates that the
lherzolites may have equilibrated with a highly alkalic liquid, either as
a partial melt or as intercumulus liquid. As such the lherzolites are
considered to be residual after the loss of a small percent partial melt.
Menzies and Allen (1974) commented on the "slightly more residual nature"
of the lherzolites because of the low relative abundances of Na, K, Ti and
P relative to "pyrolite". They proposed removal of a nepheline normative
liquid (< 5% partial melt) to explain these discrepancies. Such an idea is
compatible with the K, Rb, Ba and Sr data.

U Relative Abundance

Alpine and ophiolitic ultramafics from the Mediterranean (Dostal
et al., 1975) contain variable amounts of U (11-74 ppb) similar to that of
oceanic ultramafics (Seitz and Hart, 1973; Komarov et al., 1973; Aumento
and Hyndeman, 1971). Much of this U may have been added via alteration
processes since mineral analyses indicate an estimated original content of
1-10 ppb. Most of the U is concentrated in the clinopyroxene and as such
lherzolites contain more U than harzburgites. Uranium liquid-solid part-
ition studies reveal the past presence of a tholeiitic liquid in the harz-
burgites. Clearly these ultramafics are a refractory residue after the
removal of a partial melt.

Strontium Isotope Geochemistry

Any interpretations of the origin of alpine peridotites, which
were based on the previously documented field and geochemical data, involve
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TABLE 2. Chemistry of Alpine Lherzolites and Harzburgites

9€1

LHERZOLITES HARZBURGITES

1 2 3 4 5 6 7 8
La - - - - - 0.02 - -
Ce 0.80  0.72  0.610  0.540 0.052  0.04 - 0.53
Nd 0.55  0.54  0.590  0.660 0.133  0.03  0.04 - -
Sm 0.17  0.22 ~0.236  0.265 0.101  0.01  0.01  0.04
Eu 0.09  0.10  0.099  0.110 0.050 0.0l - -
Gd 0.35  0.31  0.386  0.480 0.236  0.01 - 0.06
Tb 0.05 - - - ' - - - 0.02
Ho 0.08 - - - S - 0.02  0.04
Yb 0.28  0.32 . 0.337  0.340 0.269  0.02 - 0.16
Lu £ 0.03  0.06 - - - - - 0.03

1. Othris (Menzies, 1976); 2. Lanzo (Menzies, 1976); 3. Beni Bouchera (Loubet et al.,.
1976); 4. Lherz (Loubet et al., 1976); 5. Tinaquillo (Loubet et al., 1976);

6. Troodos (Kay and Senechel, 1976); 7. Othris (Menzies, 1976); 8. Othris (Menzies,
1976). .



basaltic magma either through cumulus processes (Thayer, 1946) or via
fusion processes (Boudier, 1972; Menzies, 1974; Dick, 1976). Conventional
reasoning would therefore require that the isotogic composition of the
peridotites be similar to that of basalts (87Sr/86sr = 0.702-0.7035),
unless one invokes disequilibrium fusion (Graham and Ringwood, 1971). Much
of the published data on alpine peridotites (Hurley et al., 1964; Roe,
1964; Roe et al., 1965; Steuber, 1965; Steuber and Murthy, 1966; Steuber,
1969) appear to invalidate any simple genetic correlation of alpine ultra-
mafics and basalts. Consequently many authors (Bonatti et al., 1970;
Bonatti, 1971; Lussia-Berdou and Allegre, 1973) devised complex models to
account for the differences in isotopic composition (alpine peridotites
87sr/86Sr = 0.706-0.7029). Much of this early work concluded that alpine
peridotites were not related to basalts in any way - either wvia partial
fusion or precipitation. Recently Graham and Ringwood (1971) and Ringwood
(1975) proposed that alpine peridotites are residua left after extraction
of magma produced by disequilibrium melting, assuming that strontium iso-
topic differences exist between mineral phases in the peridotite.

The data outlined in sections (a) to (f) argues very strongly for
a genetic relationship between alpine peridotites and basalts, as does the
paragenetic association of alpine peridotites and ophiolites (Davies, 1969;
Gass, 1968). Strontium isotopic analyses of ophiolites and cumulate alpine
bodies (Lanphere, 1968; Jones et al., 1973; Chapman et al., 1975; Davies
and Lass, 1975) further strengthens the arguments for a strong genetic
relationship. :

Recent studies of alpine lherzolites by the author (Menzies and
Murthy, 1976a,b,c, 1977, in press) have revealed that much of the published
data must be treated with caution. Major problems exist in the interpret-
ation of much of the data from alpine massifs: (1) Many of the ultra-
mafic rocks are highly serpentinized but the origin of the serpentine is
unknown; (2) The analyzed ultramafics are all harzburgites and dunites.

Isotopic analyses of clinopyroxene, orthopyroxene and olivine
attest to a mantle origin for the Lanzo, Ronda and Beni Bouchera lherzo-
lites since the lherzolites have an isotopic composition similar to
basalt. This obviates the requirement for the highly complex models out-
lined to date. The low melting fraction in all of the analyzed lherzolites
would have a 87Ssr/86Sr ratio in the range of oceanic tholeiites. Thus
melting of these lherzolites would produce a liquid with the isotopic
composition of a tholeiite.

sr87/86 ratios for whole-rock lherzolites calculated from analyses
of mineral data range from 0.7025-0.7028 (Menzies and Murthy, 1977 in press).
The highly radiogenic value in one olivine may result from introduction of
radiogenic Sr, since the olivine from this particular lherzolite was highly
serpentinized. Further investigations will attempt to ascertain whether or
not apparent isochron relationships, reflecting past mantle events, exist
in alpine lherzolites.

Summary

A partial fusion hypothesis adequately explains the following
features within the considered alpine peridotite massifs:

1. The monotonous uniformity of alpine-type harzburgite on a local and
world-wide scale. :

137



2. The presénce of segregations which in a modal (Dick, 1976) and norm-
ative (BoudZer, 1972) fashion resemble cotectic melts.

3. The co-existence of harzburgite gradational into lherzolite, both
containing in situ dikelets or segregations.

4. The limited compositional range of olivine, enstatite and diopside.

5. The Cr-Al variation in the spinel phase which may result from inter-
action with basaltic melt.

6. The refractory major and trace element chemistry of the harzburgite-
Mg/Mg+Fe > 0.90 and the past presence of a tholeiitic type liquid as
indicated by U liquid-solid partition coefficient studies.

7. The similarity of lherzolite to estimates of primary mantle compos-
ition - Mg/Mg+Fe = 0.88.

8. The REE similarities of alpine lherzolites and computed source
material for oceanic tholeiites. Calculated REE contents of liquids
derived from alpine lherzolites are similar to those of basalt.

9. The light REE depleted nature of the harzburgites resembles computed
* residues, assuming a chondritic parent. However, fine details of the
REE chemistry are incompatible with such a simple model.

10. The strontium isotopic chemistry of certain alpine lherzolites. All
recent clinog%roxene analyses indicate that the low melting fraction
has an 87Sr/86gsr ratio similar to that of oceanic tholeiite. In some
cases lherzolite data (recalculated from mineral isotopic compositions)
attests to a simple mantle origin for alpine lherzolites, without the
complex models invoked to date.

Alpine harzburgites and lherzolites are interpreted as residua
left after variable degrees of melting. Lherzolite is believed to be the
residue left after removal of a nephelinitic or alkalic melt (small percent
melt), while harzburgites resemble the residue left after loss of a basalt
fraction (large percent melt).
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APPENDIX A

Listing of alpine peridotite localities throughout the world.

Asia - Hutchinson* (1971, 1972, 1975); Hutchinson and Donau (1969)

Britain - Green (1964)

California, U.S.A. = Himmelberg and Coleman (1968); Moores (1970);
Loney et al. (1971); James (1971); Springer
(1974) ; Ehrenberg (1975)

Canada - MacGregor (1962); Church and Stevens (1970);>Upadhyay'
et al.* (1971); Malpas and Strong* (1975)

Cuba - Kozary (1968)

Cyprus - Gass* (1967); George* (1975)
Elba - Klemm and Lammerer* (1975)
France - Conquere (1971)

Greece - Moores* (1969); Menzies* (1973); Menzies and Allen* (1974);
Nicolas and Jackson (1972)

Italy - Boudier (1972); Boudier and Nicolas (1972); Bezzi and
Piccardo* (1971)

Morocco - Kormprobst (1969); Dickey (1970)
New Caledonia - Rodgers (1973); Guillon (1975)
New Guinea - Davies* (1968, 1969)

New Zealand - Challis (1963); Blake and Landis (1973); Mossman:
(1973); Coombs et al. (1976); Sinton (1976a,b)

North Carolina, U.S.A. - Hartley (1972)
Norway - Carswellt (1968)

Oregon - Medaris (1972); Medaris and Dott (1970); Dick (1975,
1976); Himmelberg and Loney (1973) -

Omank— Glennie et al.* (1974); Smewiﬁg et al.* (1977)

Russia - Edel'sthein (19a6)

Spain - Dickey (1970)

Syria - Smewing et al.* (1977) B

Turkey - Juteau (1971, 1975%); Thayer (1964)

* Intimately associated with ophiolitic rocks as the metamorphic
peridotite basement to the plutonic and volcanic suite.
t Caledonian type peridotites.
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- APPENDIX A (cont.)

Venezuela - MacKenzie (1960)

Washington, U.S.A. - Ragan (1967); Raleigh (1965); Southwzck
(1974); Dungan (1974)

Yugoslavia = Pamic (1971, 1972); Nicolas and Jackson (1972)
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COMPARISON OF Rb/Sr, U/Pb, AND RARE EARTH CHARACTERISTICS
OF SUB-CONTINENTAL AND SUB-OCEANIC MANTLE REGIONS

William P. Leeman*
Geology Department
Oregon State University
Corvallis, Oregon 97331

Abstract

Radiogenic isotope ratios and abundances of certain trace elements
display systematic variations between ocean-floor and continental thol-
eiitic flood basalts. Mid-ocean ridge (MOR) tholeiites generally contain
less radiogenic Pb and Sr, more radiogenic Nd, and display consistent
depletion in light rare earth elements (REE) compared to continental thol-
eiites. In addition, significant variations in these parameters have been
detected within each of these classes of tholeiitic basalts. Because these
basalts are probably formed by relatively large degrees of melting, it is
likely that they record significant isotopic and trace element differences
between (and within) sub-oceanic and sub-continental mantle regions. On a
gross scale it would appear that the differences noted above are consistent
with relative depletions of U/Pb, Rb/Sr, and light REE in the sub-oceanic
mantle that have persisted for times on the order of 109 years. The iso-
topic data in particular suggest profound implications regarding mantle
dynamics -- namely, large volumes of sub-continental upper mantle material
apparently have failed to "mix" by convective or other means with the more
voluminous sub-oceanic mantle.

Sufficient data are not yet available to show conclusively that
such differences are generally inherent to the respective source regions,
and other processes, such as crustal contamination, may account in part
for some of the observed differences between oceanic and continental thol-
eiites. However, in favorable cases where data are available for two or
more isotopic systems (e.g., Rb-Sr and U-Pb), it can be shown that crustal
contamination is probably not a significant factor. This review emphasizes
the need for systematic study of several isotopic systems in additional
suites of continental and MOR basalts from restricted geographic areas.

Introduction

Geochemical and petrological studies of basaltic lavas have been
widely employed to understand the nature of upper mantle source regions of
their parental magmas. Despite the strong possibility that during ascent
to the surface many basaltic magmas have undergone polybaric crystalliza-
tion and perhaps wall-rock reaction, which have modified their chemical
compositions (0'Hara, 1977), certain elemental and isotopic ratios may be
considered representative of primary magmas and can thus yield constraints
on the composition of the upper mantle. This paper summarizes investiga-
tions of lead and strontium isotopic compositions and rare earth element

* Present address: Geology Department, Rice University, Houston, Texas
77001
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(REE) relative abundances in basalts from oceanic basins and from the
continental shields and contrasts some geochemical features inferred for
sub-oceanic and sub-continental mantle regions.

Emphasis is placed on discussion of mid-ocean ridge (MOR) thol-
eiites and continental flood basalts because these lavas typically display
only limited diversity in bulk composition (on a local scale) while being
erupted in great volume and (or) over long periods of time. For these
reasons such basalts are considered to have undergone minimal differentia-
tion and they may approximate primary magmas. Geochemical studies of
continental basalts still lag behind those of oceanic basalts because of
the common prejudice that the former lavas have been modified by inter-
actions with sialic material as they ascended through the continental
crust. Crustal contamination must be regarded as a viable process, but in
favorable cases, it can be shown to have had little or no significance.
Detailed studies of basalts from the Snake River Plain and Columbia River
Plateau, in the northwestern United States, for example, provide strong
evidence that many of these lavas have not been contaminated by crustal
material. Perhaps this is true for many, if not most, continental basalts
elsewhere in the world. If the isotopic and trace element characteristics
of basalts discussed herein are representative of the source regions for
these lavas, it can be shown that sub-oceanic and sub-continental mantle
materials are distinct in composition and that these differences have
existed for at least 109 years. :

Sr and Pb Isotopic Compositions

It is conventionally regarded that Sr and Pb isotopic compositions
~ of primary magmas are representative of their mantle source regions (i.e.,
isotopic homogeneity is attained between melt and residue) because the
small differences in mass between nuclides of these elements preclude any
significant isotopic fractionation during formation of melt or its sub-
sequent chemical differentiation. In any event, Sr isotopic ratios are
routinely normalized to correct for mass fractionation that occurs during
mass spectrometric analysis. Variations in isotopic composition of mantle-
derived volcanic rocks are well documented (see discussion below) and can
be attributed to contamination by crustal materials, mixing of magmas
having different isotopic compositions, isotopic disequilibrium during
partial melting, and heterogeneity in the mantle source regions. Of these
possibilities, the last seems most viable.

Contamination models are discussed separately for oceanic and
continental basalts in the next sections, and it is concluded that they
are inadequate to explain isotopic variations in oceanic and many continen-
tal basalts. Magma mixing is strongly indicated for some localities (e.qg.,
Iceland-Reykjanes Ridge; Hart et al., 1973; Sun et al., 1975), but the
question still remains of how isotopic differences are generated in the
respective magmas. Disequilibrium melting of mantle material that is
isotopically inhomogeneous on a mineralogical scale has been suggested
(0'Nions and Pankhurst, 1973, 1974; Flower et al., 1975) as a way in which
magmas having different isotopic compositions can be generated from mantle
that is homogeneous on a regional scale. These authors suggest that phases
having low melting temperatures (e.g., micas, amphiboles, apatite, etc.)
could impart their isotopic compositions to early formed melts, and that as
melting proceeds the isotopic composition of the liquid approaches that of
the bulk source material. Isotopic inhomogeneities between constituent
minerals in ultramafic xenoliths have been demonstrated for both Sr and Pb
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(Peterman et al., 1970; Steuber and Ikramuddin, 1974; Dasch and Green,
1975; Zartman and Tera, 1973; Morioki and Kigoshi, 1975) but it remains to
be seen whether or not such heterogeneities can be preserved at the high
temperatures required to produce basaltic melts. Hofmann and Hart (1975)
and Nelson and Dasch (1976) suggest that isotopic disequilibrium between
minerals is favored at subsolidus temperatures by the low solid diffusion
rates expected for Sr (and possibly Pb), but that higher temperatures of
melting will favor greatly increased diffusion rates and this factor plus
the presence of a melt phase, which would act as a diffusion bridge, would
result in rather effective isotopic homogenization over reasonably short
periods of time. Furthermore, it is difficult to reconcile with the dis-
equilibrium melting model the fact that on some oceanic islands tholeiitic,
alkalic, and nephelinitic basalts, which form by different degrees of
partial melting (Gast, 1968), have essentially the same 875r/86gsr ratio.
Considerations such as these suggest that equilibrium melting is more
likely involved in the production of basaltic magmas (though this question
is not fully resolved) and this assumption is adopted in the following
discussion.

Numerous authors have adopted the view that the mantle is hetero-
geneous with regard to Sr and Pb isotopic composition. Such hetero-
geneities reflect differences in Rb/Sr, U/Pb, and Th/Pb ratios that have
existed in the mantle for sufficient time that different amounts of radio-
genic Sr and Pb could accumulate from place to place. The Pb and Sr iso-
topic systematics discussed below indicate that such heterogeneities have
existed for times on the order of 109 years, and may reflect a time of
major chemical differentiation of the mantle. It is also possible that
variations in Rb/Sr, U/Pb, and Th/Pb were established by continuous or
multi-episodic processes that operated early in the Earth's history; if so,
age information obtained from the Pb and Sr data corresponds to an
"average" time since the mantle heterogeneities were established. It might
be expected that volcanic rocks from different oceanic and continental
regions might "sample" mantle regions of differing age and isotopic compos-
ition. The following sections discuss the isotopic data from these
regions. :

A. Oceanic Regions

Faure and Hurley (1963), Hedge and Walthall (1963) and Gast,
Tilton, and Hedge (1964) first clearly showed that there are systematic
differences in Sr and Pb isotopic composition in volcanic rocks from indi-
vidual oceanic islands. Considerable subsequent work has confirmed this
observation and recent high precision isotopic analyses (e.g., 0'Nions and
Pankhurst, 1973, 1974; Hart et al., 1973; Sun, 1973; Sun and Jahn, 1975;
Grant et al., 1976; Duncan and Compston, 1976) have revealed previousl%
undiscovered detail in these variations. The reported range in 87sr/86sr
observed for oceanic island basalts is 0.7028 to 0.7082. Hedge and
Peterman (1970).and Hart (1971) showed that MOR-type basalts (including
ocean floor basalts sampled by deep sea drilling) have systematically lower
87sr/86Sr ratios ranging from 0.7023 to 0.7035, with most less than 0.7030.
Rb/Sr ratios measured in MOR basalts are too low to have produced their
present-day 87sr/86Sr ratios within 4.6 b.y., the accepted age of the
Earth. Because Rb/Sr ratios are likely to Zincrease in the liquid during
partial melting, it seems probable that the residue from source regions for
MOR basalt have been depleted in Rb (Gast, 1968). Note that residual
phlogopite in the source region could result in a decrease in Rb/Sr in the
melt, but for the degree of melting (about 30%) suggested for MOR basalts
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(Gast, 1968) it is improbable that phlogopite would remain. The persist-
ence of residual phlogopite has been suggested (e.g., Beswick, 1976).
Hofmann and Hart (1975) have summarized the Sr isotopic data collected
since 1970 for oceanic basalts, and they suggest that the mantle is compo-
sitionally inhomogeneous not only laterally but also vertically because
"volcanoes situated near a mid-ocean ridge usually erupt lavas that differ
in isotopic composition from the mid-ocean ridge material itself."

The Pb isotopic data for oceanic basalts (summarized by Sun and
Hanson, 1975) support this hypothesis. As with the Sr data, MOR basalts
display a much smaller range in Pb isotopic composition than do oceanic
island basalts and MOR basalts have generally less radiogenic 206pb/204pp
and 208pp/204ph ratios. Thus, it seems that source regions for MOR basalts
have lower U/Pb and Th/Pb (also lower Th/U) ratios than source regions for
most oceanic island basalts. This conclusion is supported by lower U/Pb
and Th/U observed in MOR basalts (e.g., Tatsumoto et al., 1965; Church and
Tatsumoto, 1975) compared to oceanic island basalts (e.g., Tatsumoto,
1966a, 1966b; Gast, 1969; Oversby and Gast, 1970; Oversby et al., 1971).

It is noteworthy that basalts (and differentiated lavas in some
cases) from several oceanic islands have 87Sr/86Sr ratios in excess of
0.705 and as high as 0.7082 (Hedge et al., 1972, 1973; O'Nions and Pank-
hurst, 1974; White et al., 1975; Duncan and McDougall, 1976). These values
are higher than 87Sr/86sr ratios observed in many continental basalts (see
next section), and indicate that the source regions for these lavas have
higher time-averaged Rb/Sr ratios than source regions for many other
oceanic island and MOR basalts. Such elevated 8 Sr/sGSr ratios could per-
haps also be attributed to some form of contamination involving crustal
materials. However, this possibility seems unlikely in most cases because
(1) sialic crust is generally absent in oceanic basins, (2) other potential
contaminants such as oceanic sediments, altered rocks in the oceanic crust
or in volcanic piles, and seawater have compositions that are inadequate to
cause the observed variations in isotopic composition of oceanic volcanic
rocks without obviously affecting other compositional characteristics of
these lavas (e.g., Ba and alkali element contents, oxygen isotopic composi-
tion, etc.), (3) for some individual islands Sr isotopic compositions are
consistent despite wide variation in bulk composition of the lavas (e.g.,
alkali basalt to phonolite). In addition, the Sr and Pb isotopic composi-
tions are remarkably uniform for fresh MOR-derived basalts from all oceans
and display no substantive change with age or geographic location, except
possibly near such hot spots as Iceland (Hart et al., 1973; Sun et al.,
1975) and the Azores (White et al., 1975), where mixing of different magmas
or source materials has been postulated.

If it is accepted that the sub-oceanic mantle is heterogeneous in
isotopic and chemical composition, the question arises of how long such
heterogeneities have existed. Some indication of this time can be derived
from Pb isotopic studies. 207Pb/2O4Pb and 206Pb/204Pb ratios in oceanic
island and MOR basalts are strongly correlated and define a linear trend
that can be interpreted as a secondary isochron (Gale and Musset, 1973).

In physical terms, such a relationship is readily attributed to derivation
of these magmas from source regions having a continuum of different U/Pb
ratios but uniform isotopic composition that were established at a common
time, perhaps during some major chemical differentiation of the sub-oceanic
mantle. It is unlikely that this trend reflects mixing of mantle-derived
Pb with a crustal Pb component because oceanic sediments (and seawater)
have Pb isotopic compositions that fall well off the trend for the volcanic
rocks, having higher 207pb/204pb ratios for any given 206pb/204ph ratio
(Chow and Patterson, 1962; Church and Tatsumoto, 1975; Meijer, 1976), and
seawater has Pb contents at least four orders of magnitude lower than those
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of MOR and other basalts. Secondary isochron interpretations of 207Pb/
204pp-206pb/204pb plots for individual oceanic islands or MOR segments
yield ages ranging between 0.95 and 2.5 b.y. for the time since U/Pb
variations were established in their respective source regions (Sun, 1973;
Sun et al., 1975; Sun and Jahn, 1975; Church and Tatsumoto, 1975; Tatsumoto,
1977) . Brooks et al. (1976) postulated that averaged 87Sr/86Sr and Rb/Sr
ratios for MOR and oceanic island tholeiitic basalts define a "mantle
isochron" corresponding to an age of about 1.6 b.y. for the time since Rb/
Sr heterogeneities were established in the sub-oceanic mantle. A similar
Rb-Sr mantle isochron for basalts from French Polynesia suggests a minimum
age of about 1.2 b.y. for their source region (Duncan and Compston, 1976).
The similarity between the Rb-Sr and U-Pb systematics suggests that the
isochron trends obtained have real age significance and do not represent,
for example, some random mixing process.

In summary, the Sr and Pb isotopic data for oceanic volcanic rocks
strongly suggest that the sub-oceanic mantle is heterogeneous in such
ratios as Rb/Sr, U/Pb and Th/U and that all of these ratios are lower in
the source regions for MOR basalts. These data are compatible with models
involving a vertically stratified mantle with an upper "depleted" layer
from which MOR basalts are generated and deeper, more fertile material from
which oceanic island (especially alkalic) basalts are derived (e.g., Sun
and Hanson, 1975; Hofmann and Hart, 1975). Other models are possible, of
course, but the important conclusions are that oceanic basalts are derived
from heterogeneous source regions and that such heterogeneities probably
have existed for at least 102 years.

B. Continental Tholeiites

It has long been recognized (Faure and Hurley, 1963; Hedge and
Walthall, 1963) that continental basalts differ from oceanic basalts in
having generally higher 875r/86sr ratios. There are comparatively few Pb
isotopic analyses of these rocks, but Doe (1967, 1968) noted that basalts
from cratonic regions of western North America apparently were derived
from source regions having higher 238y/204pp ratios than source regions
for oceanic basalts.

Leeman and Manton (1971, Fig. 4) summarized most of the Sr iso-
topic data and suggested that initial 87Sr/86sr ratios of continental
tholeiites erupted over the last 3 b.y. consistently have been higher than
those expected for MOR tholeiite source regions, assuming that the latter
increased linearly (due to 87Rb decay) from the primordial value of 0.69898
(Papanastassiou and Wasserburg, 1969) to the present-day values of about
0.703. Such a linear extrapolation requires that the time-integrated
Rb/Sr ratio for the sub-oceanic mantle was about 0.025, whereas that infer-
red for continental tholeiite sources is at least 0.04. Because Rb/Sr
ratios in the mantle may have varied throughout time in a more complicated
manner (Hart and Brooks, 1970; Faure and Powell, 1972), the following dis-
cussion will be restricted to Mesozoic or younger basalts from which we
can draw a comparison between "modern" sub-oceanic and sub-continental
mantle regions. Initial 87s5r/865r ratios in some representative continent-
al tholeiite suites are summarized in Table 1. Of these, Pb isotopic data
are available for only the Snake River Plain-Yellowstone (Leeman et al.,
1978) and Columbia River Plateau (Church, 1977) basalts. Based on the
decay constants and growth curve parameters adopted by Tatsumoto et al.
(1973), the Pb in these basalts was derived from a source having a present-
day 23éU/204Pb value near 8.l1; the corresponding value for oceanic basalt
source regions is about 7.8, which is significantly distinct.
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The differencesin Sr and Pb isotopic compositions between oceanic
and continental tholeiites can be attributed to (1) primary differences in
composition between the respective source regions, or (2) contamination of
the latter basalts by sialic crustal material. These alternatives will be
examined below for the Snake River Plain-Yellowstone basalts which have
been studied in the greatest detail.

At present, isotopic evidence against crustal contamination of
continental tholeiites is rarely conclusive, and some rocks of probable
hybrid origin have been described (e.g., Pankhurst, 1969; Leeman and
Manton, 1971; Faure et al., 1974). In the Snake River Plain-Yellowstone
province, however, such evidence is seemingly incompatible with significant
amounts of crustal contamination of the voluminous olivine tholeiites
there. Briefly, the evidence is summarized as follows:

1. 87Sr/86Sr ratios vary only from 0.7055 to 0.7075 in the
~ tholeiites, but over 80 percent of the analyzed samples

are within 0.0005 of the mean value of 0.7065. This
range is only about twice the two-sigma uncertainty in
the individual analyses. In contrast, 206Pb/204Pb ratios
vary from 16.10 to 18.84 (nearly 20 percent variation)
and with 207Pb/204Pb ratios define a precise linear
array (all samples lie within two sigma analytical error
of the best-fit line) which is interpreted as a secondary
isochron (Leeman et al., 1978). The slope of this iso-
chron indicates that heterogeneities in U/Pb ratio have
existed in the mantle source region for about 2.5 b.y.
This age is remarkably similar to ages of crystalline
basement rocks exposed in the region. The small range in
87Sr/86Sr ratios observed in these tholeiites is consist-
ent with the existence of small heterogeneities in Rb/Sr
in a 2.5 b.y. 0ld source region. Although the 87Sr/86Sr
ratios are comparatively high, they lie within the range
of values observed in basalts from oceanic islands.

2. There is no correlation between Pb and Sr isotopic composi-
tions in the olivine tholeiites. However, hybrid lavas
from the King Hill area and at Craters of the Moon lava
field (Leeman and Manton, 1971; Leeman, in preparation)
exhibit well-defined correlations between 8 Sr/86sr and
206pp/204pp which are consistent with contamination by
crustal Sr and Pb. ' The olivine tholeiites display no such

trends.
3. Correlations are lacking between the isotopic compositions
and contents (or inverse contents) of Sr and Pb (e.g., see

Ewart and Stipp, 1968; Pushkar, 1968; Faure et al., 1974)

in the olivine tholeiites. The absence of such correlations
suggests that these magmas have not been contaminated by

Sr or Pb of distinct isotopic composition, nor were they
derived from a "mixed" mantle source such as has been
postulated for Italian volcanoes (Vollmer, 1976). Hybrid
lavas from the Snake River Plain do display such correlations
that are interpreted as reflecting crustal contamination.

4. Crustal xenoliths of granulite facies gneiss, granitic rocks,
and meta-igneous rocks which occur in some of the Snake
River Plain hybrid lavas display wide ranges in 87g5r/86gr
(0.702 to 0.830) and Pb isotopic ratios (206Pb/204Pb ranges
from 13.4 to 24.7) (Leeman, in preparation) which are
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characteristic of ancient crustal rocks (Doe, 1970;
Faure and Powell, 1972). 1In view of the diversity of
these ratios, it seems unlikely that random contamina-
tion by such rggks would be consistent with the narrow
range in 87Sr/ Sr and precise linear array in 2 7Pb/
204Pb—206Pb/204Pb space observed in the olivine
tholeiites. Of course, little is known of the isotopic
composition of lower crustal rocks and no firm conclus-
ions can be drawn regarding their role in contamination
Oor magma genesis.

5. Rhyolites from the Snake River Plain-Yellowstone province

display essentially the same ranges in Pb isotopic

- ratios (206pb/204ph ranges from 16.58 to 18.94) as the
olivine tholeiites, although their Pb contents (about

30 ppm for most samples) are about ten times higher

than those of the basalts (Leeman, unpublished data).
Because the tholeiites contain appreciably less Pb, they
should be more susceptible to crustal contamination than
the rhyolitic magmas; thus, the overlap in Pb isotopic
compositions would suggest that contamination of the
basalts has not been significant. Furthermore, Pb isotopic
ratios in the rhyolites display a consistent relationship
with geographic setting. The ratios become less radiogenic
from west to east and fall into three main groupings corres-
ponding to western Snake River Plain, east-central Snake
River Plain, and Yellowstone-Island Park subprovinces. The
olivine tholeiites exhibit no such clear-cut trend,
suggesting that the source regions for these two magma
types are distinct. 87sr/86gsr ratios in the rhyolites
(0.709 to 0.712) are significantly higher than those of

the tholeiites and preclude a cogenetic origin with the
basalts (Leeman, unpublished data).

On the basis of these observations, and especially the contrasting
trends found in the olivine tholeiites and the hybrid lavas of the Snake
River Plain, it seems most reasonable to attribute the isotopic composi-
tions of the tholeiites to derivation of these magmas from an old mantle
region that is characterized by higher Rb/Sr and U/Pb than are typical of
most sub-oceanic mantle regions.

More limited data from the Columbia River Plateau indicate that
tholeiites there have Sr (McDougall, 1976; Nelson, personal communication)
and Pb (Church, 1977) isotopic compositions that are consistent with such
a model. A significant feature of these data is the uniformity of 87sr/
86sr within different magma types (e.g., Picture Gorge, Grande Ronde and -
Imnaha, lower and middle Yakima), but persistence of significant differ-
ences in this ratio between magma types (see Table 1). The Pb isotopic
data display similar groupings within magma types, as well as some overlap
between types. The total range in 206pb/204pb for these magma types is
comparatively small (18.66 to 19.04) and the Pb compositions are consistent
with derivation of these basalts from a source with higher U/Pb than is
typical of oceanic basalts. There is no correlation between Sr and Pb iso-
topic _compositions for these rocks, nor is there any correlation between
87Sr/86Sr and Sr content éor 1/Sr) within individual magma types. The
apparent uniformity in 87sr/86Sr within the voluminous lower and middle
Yakima basalt types, despite a very wide distribution of vents, suggests
that crustal contamination is not significant. Upper Yakima basalts
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" TABLE 1. Initial 87Sr/86Sr Ratios in Representative
Continental Tholeiitic Basalts

Name ' Age (my)
Snake River Plain-Yellowstone
olivine tholeiites

Craters of the Moon lavas
King Hill 1lavas

W OO
OO O

Columbia River Plateau

Picture Gorge 15
Grande Ronde o
Imnaha "
Lower Yakima ot
Middle Yakima "
Upper Yakima 8-14

[N e N e NN Nen)

Deccan, India

tholeiitic basalts V60 0.

Serra Geral, Brazil
dolerites, basalts 120-150 0
Antarctica
Queen Maude Land basalts | 3150

Kirkpatrick Basalt
Ferrar Dolerites !

OO O

Karroo, S. Africa

dolerites, basalts 150-190 0.

Eastern N. America

Palisades diabase V200

Brookville diabase - !

N. and S. Carolina diabase oon
dikes , :

[e>N el en]

a Initial ratio adjusted to 87Sr/86sr = 0.7080

875r/865r5a

.7065+5b
.7075-0.7120
.7104-0.7176

.7037+1
.70477%1
.7045%2
.7052%3
.7053%1
.7069%0.7092

7059+3

.7056+3

.7053+20
.709370.7143
.7089-0.7142

7056+9

.7051+10
.7058
.7048 n.d.

in E § A Standard

12
22

==

b Error is one sigma uncertainty in last significant digit(s);

n.d. = not determined

Ref.

e

NN NN

- o

[l NN
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display a wider range in major element (Wright et al., 1973) and isotopic
composition. 87sr/86g8r ratios range from 0.707 to greater than 0.714
(Nelson, personal communication, 1976), but display no clearcut correlation
with Sr content. 206pb/204ph ratios also display a wider range (18.14 to
19.11) than for the other Columbia River basalts and define a crude linear
array with 207Pb/204Pb ratios that corresponds to a secondary isochron age
of about 2.5 b.y. At present, complete Sr and Pb isotopic data are not
available for all analyzed samples, nor have Pb contents been measured.
Thus it is not possible to show that the Upper Yakima samples define a
"mantle" isochron at this time.

. Data of comparable quantity and/or quality are not yet available
from most other continental tholeiite suites. However, Brooks et al.
(1976) have pointed out the existence of correlations between observed Rb/
Sr and initial 87Sr/86Sr ratios for some such suites. They interpret
these trends as mantle isochrons- that reflect the antiquity of the source
regions for continental basalts. One important feature of some of these
mantle isochrons is their comparatively high 87sr/86gr intercepts, which
are incompatible with crustal contamination of mantle derived magmas that
initially had 875r/8635r ratios equivalent to those of most oceanic basalts.
This conclusion supports the inference that sub-continental mantle regions
may be enriched in Rb/Sr compared to sub-oceanic mantle regions. )

In conclusion, analogy with the Snake River-Yellowstone tholeiites
suggests that isotopic data for many continental tholeiites does not re-
quire that such magmas are necessarily contaminated by crustal Sr or Pb.
Further work on such isotopic studies can potentially provide reliable
criteria for assessing the effects of crustal contamination, magma mixing,
etc. The available data raise the possibility that continental tholeiites
appear to be derived from ancient (aeons o0ld) mantle sources that have
remained intact within the continental lithosphere, and that these source
regions are characterized by higher Rb/Sr and U/Pb ratios than are typical
for most sub-oceanic mantle regions (Leeman, 1975; Brooks et al., 1976).

In certain continental areas that are characterized by extensional
tectonics and uplift (e.g., Basin and Range Province, western United
States) there are notable occurrences of predominantly alkalic basalts that
have Sr and Pb isotopic compositions typical of many oceanic island basalts
(Leeman, 1970, 1974a; Zartman and Tera, 1973). These magmas may have been
derived largely from upwelling oceanic-type mantle (asthenosphere?) (Leeman,
1970), rather than from ancient sub-continental lithospheric mantle.

Rare Earth Element (REE) Compositions

REE contents in volcanic rocks have been used widely to evaluate
such processes as partial melting and crystal fractionation and to infer
compositional features of mantle source regions (e.g., Gast, 1968;
Schilling, 1975a; Leeman et al., 1977). To a first approximation, the
content of a given trace element in a magma is governed theoretically by
the nature of solid phases (either melt residue or precipitating crystals)
with which it is equilibrated, and the values of mineral/liquid distrib-
ution coefficients (herein denoted as D values) for the relevant crystal-
line phases. D values for most minerals are dependent to some degree upon
such variable factors as temperature, pressure, composition of the phases
and, for some elements (e.g., Eu), oxygen fugacity (Shaw, 1977). Values of
REE D's for important minerals that occur in the mantle or as phenocrysts
in basaltic magmas have been estimated empirically from analyses of
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phenocrysts and matrix separated from volcanic rocks or by experimental
studies. ILeeman et al. (1977) present a set of representative D values for
several important minerals and discuss their reliability.

In the case of partial melting, calculated REE contents of liquids
are somewhat model dependent. These models fall into three main classes
(Sehilling and Winchester, 1967; Gast, 1968; Shaw, 1970; Harris, 1957) as
follows:

1. Batch equilibrium melting--liquid remains in equilibrium
with bulk residual solid until its extraction.

2. Fractional equilibrium melting--liquid is separated
continuously from residual solid with or without
collection of liquid in a common magma chamber.

3. Zone melting--liquid reacts continuously with wall rocks
during its ascent.

Variants of these models are discussed by Shaw (1970, 1977) and
it can be shown that each process will result in different patterns of REE
enrichment in the resulting partial melts relative to REE contents in a
given source rock, with the differences increasing as the degree of melting
increases. Most discussions of partial melting stress batch melting models
(e.g., Schilling, 1975; Leeman et al., 1977) because it seems unlikely that
infinitesimal amounts of liquid could be continuously collected or extract-
ed from the mantle; batch melting seems most realistic for formation of
large volumes of magma of uniform composition.

Although most aspects of partial melting are only imperfectly
understood, theoretical considerations of partial melting processes can
establish some first order constraints on the nature of source materials
that could be melted to produce REE patterns and other trace element dis-
tributions observed in basaltic rocks. In order to derive information
about the mantle sources of such rocks, it is necessary to evaluate the
extent to which trace element contents in the magmas have been modified
by pre-eruptive processes. One of the most important processes, and cer-
tainly the best understood, is crystal fractionation. The effectiveness
of this process in modifying trace element contents in a residual liquid
depends upon the nature and amounts of precipitating phases, the relevant
D values, and the type of equilibrium (or lack thereof) maintained between
crystals and liquid (i.e., kinetics of crystal growth, diffusion rates of
trace elements in crystals and liquid; see Albarede and Bottinga, 1972).
Two end-member cases of crystal-liquid equilibrium have been discussed by
Gast (1968):

1. Bulk or Nernst equilibrium--liquid remains in equilibrium
with bulk cumulate crystals, which are homogeneous.

2. Surface of Rayleigh equilibrium--liquid remains in
equilibrium only with surfaces of cumulate crystals,
which display compositional zoning.

Enrichment factors for elements in residual liquids relative to their
contents in a parental magma differ between these end-member cases for
"excluded" elements (those that are preferentially incorporated in the melt
phase). Under conditions of moderate to low pressure crystallization, the
REE are not significantly incorporated into near-liquidus phases that
typically precipitate from basaltic magmas. A notable exception is Eu
which may be concentrated into plagioclase relative to basaltic liquid
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(Sehnetzler and Philpotts, 1970). Thus, under these conditions relative
abundances of the REE, with possible exception of Eu, are not strongly
modified by crystal fractionation (e.g., Schilling, 1975a), although abso-
lute contents of the REE will be increased by this process. Therefore,
REE relative abundances in basaltic lavas may be considered representative
of those in the parental magmas where it can be demonstrated that crystal-
lization has not been extensive or else the bulk cumulate phases do not
significantly fractionate the REE. This appears to be the case for most

' MOR tholeiites (Xay et al., 1970; Schilling, 1975a) and for some continen-
tal tholeiites (Leeman, 1976).

In the following sections it is shown that there are systematic
differences in REE abundance patterns between MOR and continental tholei-
ites, and it is suggested that these differences arise primarily from
- partial melting of distinctly different source materials. The former must
be depleted in light REE (LREE), whereas the latter may be characterized
by chondritic (or possibly LREE-enriched) relative REE abundances. This
distinction is supported by Nd isotopic ratios which indicate that differ-
ences in REE abundance patterns for sub-oceanic and sub-continental mantle
regions may have persisted for more than 109 years (see below).

A. Oceanic Regions

It has long been recognized (Frey et al., 1968; Kay et al., 1970;
Schilling, 1971) that MOR tholeiites are characterized by LREE-depleted
abundance patterns (chondrite-normalized). Furthermore, Schilling (1973a)
has shown that MOR tholeiites from normal ridge segments display a remark-
able similarity in (La/Sm) g_p. (the chondrite-normalized La/Sm ratio is
used as an indicator of LREE-depletion) regardless of spatial or temporal
(during at least the past 70 m.y.) variations. Nearly all are LREE-
depleted and average REE contents are similar for all extensively studied
areas. Some variability in absolute REE contents exists within each
locality, but this can be accounted for either by low pressure fractionat-
ion of olivine and plagioclase, or by small differences in the degree of
partial melting. Although unique partial melting models cannot yet be
formulated, it is apparent that the source regions for these basalts must
also be depleted in LREE at least to the extent of the basalts themselves.
In addition, there is little reason to believe that the source regions
contain appreciable garnet. This mineral strongly incorporates the heavy
REE relative to the LREE, and its presence in the residual solid would
favor enrichment of the LREE in partial melts derived from such a source
rock. More likely the REE profiles in these magmas resulted from fusion of
lherzolitic source rocks, possibly containing some plagioclase. The REE
data are consistent with large (10 to 30 percent) degrees of melting of
such rocks at moderate pressures, in agreement with other petrologic models
for the origin of MOR tholeiites (e.g., Gast, 1968; Green, 1971). An
important conclusion from these studies is that the oceanic lithosphere is
apparently underlain by an upper mantle zone that is essentially uniformly
depleted in LREE.

Alpine ultramafic rocks that are believed to be remnants of
oceanic upper mantle are also characterized by moderate to strong depletion .
in LREE and other large lithophile elements (Frey et al., 1968; Frey, 1969;
Loubet et al., 1975; Menzies, 1976). These rocks have REE contents that
are compatible with their being either source material for MOR tholeiites
or residual material remaining after extraction of such basaltic magma.
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Basalts from oceanic islands (and ridge segments near such
islands) are typically enriched in LREE relative to MOR tholeiites,
although MOR-like tholeiites occur on some islands (0'Nions et al., 1976;
Lindstrom, 1976). Schilling (1973, 1975b) has suggested that oceanic
island basalts having (La/Sm)g.r.>1l are derived from different source
materials from that of the MOR tholeiites, which are characterized by
distinct REE and isotopic compositions. In particular, he postulates their
derivation from a deep mantle plume (or blob) that is relatively enriched
in LREE, Rb/Sr, etc. This model is open to question, especially in the
light of Nd isotopic studies. DePaolo and Wasserburg (1976a,b), Richard
et al. (1976), and O'Nions et al. (1977) show that nearly all oceanic bas-
alts, whether from ridges or islands, have l43Nd/144Nd ratios that develop-
ed in a source region with higher than chondritic 1475m/144N3 ratio (i.e.,
LREE depleted). Richard et al. (1976) suggest that the minimum time that
such conditions have existed is on the order of 1.1 b.y. The Nd isotopic
constraints are critical in that, if the available analyses are typical and
most oceanic basalts are derived from LREE-depleted mantle, the extreme
enrichments of LREE in many alkalic basalts from oceanic islands (e.g., XKay
and Gast, 1973) require segregation of extremely small (<<1 percent) batch
melt fractions from the mantle. Alternatively, other melting or enrichment
processes must be considered.

B. Continental Regions

Continental tholeiites are typically characterized by REE patterns
that are enriched in the LREE relative to chondrites. Data for many such
suites are summarized in Table 2; most of these basalts have (La/Sm)E.F.
values greater than about 1.4, although two exceptions (chilled margin
rocks from the Bushveld and Stillwater intrusions) are known. Variations
in this ratio and in (Yb)g.,p., especially within individual magmatic
suites, may reflect differences in the degree of partial melting of similar
source rocks having chondritic REE relative abundances. These variations
cannot generally be related to low pressure crystal fractionation of par-
ental magmas. Among the Snake River Plain tholeiites, for example, samples
with the minimum (72-24) and maximum (D1651) REE contents display nearly a
factor of two range in (Yb)g.r.. This range would correspond to about 50
percent crystallization of olivine and plagioclase (the phenocryst minerals
in these rocks) from the more primitive magma (72-24), yet major and trace
element contents of these rocks preclude this possibility (Leeman, 1974b
and in preparation). The wide range in REE contents and small range in
(La/sm)g . p. of the Snake River tholeiites also seems incompatible with
their contamination by typical crustal rocks, which are characterized by
much different REE relative abundances. The similarity in (La/Sm)g, Fp.
between many continental tholeiites is consistent with their derivation
from similar source materials. 1In this regard, DePaolo and Wasserburg
(1977) find that most of the few analyzed continental tholeiites have Nd
isotopic compositions that are consistent with chondritic relative REE
abundances in their source regions. As in the case with Sr and Pb isotopic
data, many more Nd isotopic analyses are needed to test this conclusion.
The two exceptional tholeiitic rocks with (La/Sm)g.f.<l, noted above, may
have been derived from LREE-depleted source rocks; otherwise they are
indeed enigmatic. Systematic studies of REE contents in typical continen-
tal tholeiites from many areas are needed to convincingly demonstrate that
these rocks are derived from source materials that are distinct from those
of the sub-oceanic mantle.
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TABLE 2. Rare Earth Element Profile Characteristics
: For Continental Basalts

Locality (La/Sm)E.F. (Yb)E.F. Ref.

Snake River Plain

McKinney Basalt pillow glass 1.9 - 19 1
low REE tholeiite (72-24) 1.4 11.5 2
high REE tholeiite (D-1651) 1.9 20 2
Columbia River Plateau
lower Picture Gorge 1.4 - 12.5 3
upper Picture Gorge 1.7 14.5 | 3
high-Mg lower Yakima 2.5 14 4
low-Mg lower Yakima 2.4 19 4
middle Yakima (Frenchman Springs) 2.3 17 4
Prineville ' 1.8 23 5
upper Yakima (Ice Harbor) 2.3 . 21 6
Steens Mountain
avg. of 52 2.0 16.5 7
avg. groups 6 and 8 1.6 12 7
Deccan
Mahabaleshwar (avg. of 10) 1.7 13 8
Miscellaneous (range of 18) 1.8-2.5 12-20 9
Keweenawan
Duluth Gabbro 3.0 4.4 10
Northshore Volcanics basalts 1.6-3.1 8-20 11
(range of 12)
Gabbroic intrusions - chilled margin
Skaergaard 1.4 5.8 10
Stillwater 0.5 1.5 10
Bushveld 0.6 4.3 10
Palisade 2.0 10 10
w-1 1.9 10 12

References

(1) Leeman (1976), (2) Leeman (1974), (3) Osawa and Goles (1970), (4)
Nathan and Fruchter (1974), (5) Uppuluri (1975), (6) Leeman (unpublished),
(7) Helmke and Haskin (1973), (8) Nakamura and Masuda (1971), (9) Goles
(personal communication, 1973), (10) Frey et al. (1968), (11) Haskin and
Green (personal communication, 1975), (12) Flanagan (1973).
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Conclusions

Sr and Pb isotopic data and REE patterns for oceanic and continen-
tal tholeiites suggest that these types of basalts are derived from chemi-
cally distinct mantle regions. These differences are consistent with the
oceanic mantle having lower Rb/Sr and U/Pb ratios and LREE-depleted REE
abundances relative to mantle source regions for continental basalts. The
isotopic data are consistent in indicating that such differences have per-
sisted for at least 109 years. If this interpretation is correct, then a
significant conclusion is that source regions for continental tholeiites
have not been involved to any significant extent in convective stirring or
other mixing processes that would homogenize the upper mantle. Rather,
they have remained an integral part of the continental lithosphere for at
least 109 years. The depths to which such compositional differences be-
tween sub-oceanic and sub-continental mantle regions extend are not known;
it seems reasonable, however, that such differences may extend at least to
the depths of origin of continental tholeiites. A more fundamental ques-
tion is how did such compositional differences arise in the first place?
Gast (1968) suggested that sub-oceanic mantle, at least the source regions
for MOR tholeiites, was depleted in large-ion lithophile elements on a
world-wide scale by some previous melting event(s) that must have occurred
prior to 109 years ago. (If so, where and what are the partial melt
products of this event?) Alternatively, the earth's upper mantle may have
been heterogeneous throughout much of geologic time, at least since the
time that the continents were differentiated from the whole Earth. If this
is the case, portions of the upper mantle must have been partially remixed
or isotopically homogenized at various times so as to yield a range in
apparent 207pb/206pb ages of source materials for different basaltic suites
(Leeman, in preparation).
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Abstract

Rare earth element (REE) contents were determined for Kilauea and
Mauna Loa summit lavas that lie near low-Mg0 ends of olivine control lines.
Except for removal or addition of olivine (and possibly orthopyroxene)
these samples approximate mantle-derived partial melts. As removal of
these minerals will not significantly fractionate the REE, the observed REE
patterns likely represent relative REE abundances in the initial melts.
Lavas of both volcanoes have light-REE enriched profiles relative to
chondrites, but Mauna Loa basalt has a significantly less fractionated REE
profile. A multi-linear regression method was used to determine mantle
mineral proportions that yield a least-squares best fit between calculated
and observed REE profiles in liquids produced by non-modal equilibrium
melting at varying melt fractions (F). A range in F up to 0.18 (Kilauea)
or 0.46 (Mauna Loa) is possible for olivine-orthopyroxene-clinopyroxene-
garnet mantle; spinel peridotite models failed to yield acceptable fits
(i.e., within experimental errors of our REE analyses).

For garnet-bearing mantle models, weight fractions of mantle
garnet and clinopyroxene increase while those of olivine and orthopyroxene
decrease regularly with increasing F. Also clinopyroxene/garnet ratios
(5.7 for Kilauea and 1.6 for Mauna Joa) remain constant with varying F,
indicating significant differences in composition between source regions
for the two volcanoes. Garnet lherzolite or garnet pyroxenite lithologies
are required as source materials. We emphasize that different degrees of
melting of the same source material are not likely to account for the
differences in REE patterns for these volcanoes.

Calculated modes for residual peridotite produced by extraction of
Kilauea and Mauna Loa magmas are also distinct in clinopyroxene/garnet
ratio (9.0 for Kilauea and 2.7 for Mauna Loa) and both must have light-REE
depleted profiles relative to chondrites. Dunite or harzburgite residua
are possible only for comparatively small degrees of melting (F < 0.05 for
Kilauea and F < 0.2 for Mauna Loa); otherwise the residua will likely
contain appreciable amounts of clinopyroxene and garnet. .

Assuming that the source materials have chondritic relative REE
abundances, our Kilauea models indicate that for F = 0.01 to 0.10, the
source material has REE contents ranging from 0.8 to 6.1 times those in

* Present address: Geology Department, Rice University, Houston, Texas
77001
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chondrites, respectively; for Mauna Loa models, we find that for F = 0.05
to 0.40, REE contents in the source material range from 1.8 to 13.3 times
those in chondrites, respectively. 'Because REE contents in the analyzed
lavas are probably enriched in an absolute sense (compared to the primary
magmas) by olivine fractionation, our estimates of REE contents in the
source materials are considered to be upper limits.

Introduction

A common approach toward an understanding of the Earth's upper
mantle is through petrologic and geochemical studies of basaltic lavas.
This approach is an indirect one and it is often difficult to ascertain the
extent to which compositional variations among basaltic lavas reflect true
variations in the composition of their source regions or result from
differentiation of the ascending magmas. Before we can resolve such
problems in a general way, it is necessary to understand how magmas evolve
during their ascent from the point of generation to the surface.

In this paper we present rare earth element (REE) data for
tholeiitic basalts from Hawaii. We have applied an "inversion" technique
to infer the mineral constitution of mantle source regions that, upon
melting, could produce liquids with REE abundance patterns consistent with
those of the analyzed basalts. For Hawaii we can fortunately place rather
close constraints upon the extent to which REE relative abundances are
fractionated during ascent of the magmas from their source regions.

Kilauea and Mauna Loa volcanoes were selected for study because:
(1) petrologic data and major element analyses are available for most
twentieth century and many earlier eruptive phases; (2) geophysical and
volcanological observations and petrochemical constraints provide compa-
ratively detailed working models for differentiation and mixing processes
that operate during ascent of magma to the surface; (3) these two volcanoes
are spatially close (about 30 km apart) on a single island and both are
currently active, thus tapping two close mantle source regions; and (4)
their intra-oceanic plate location precludes contamination by "sialic"
crust, although contamination by sea water, sediments, altered basalt, etc.
cannot be ruled out a priort.

Wright and Fiske (1971) and Wright (1971) summarized much of the
early work on Kilauea and Mauna Loa and presented petrogenetic models to
explain spatial-temporal compositional variations among basalts from each
volcano. Briefly, picritic to olivine tholeiitic summit lavas containing
more than about 7% Mg0 display compositional variations controlled by
addition or subtraction of olivine phenocrysts (and a trace of Cr-spinel);
these are denoted as olivine-controlled lavas. Summit lavas containing
less than about 7% Mg0 display compositional variations that result from
low pressure fractionation of pyroxenes, plagioclase, and oxides, in
addition to olivine. Rift lavas, which will not be considered here,
display compositional variations that largely result from low pressure
differentiation and magma mixing. Olivine-controlled summit lavas of a
given eruptive phase are considered to represent deep-seated magma batches
that largely are unmodified except for high level fractionation of olivine.

Superimposed on such trends are secular variations ranging over
relatively long time periods (tens of years) in which magma compositions
change in response to other less well understood processes. For Kilauea,
Wright (1971, 1973) and Wright et al. (1975) relate some of these changes
to high pressure fractionation of pyroxenes and spinel in addition to
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olivine. 1In contrast, Mauna Loa lavas do not display any pronounced
secular variation in composition, but Wright (1971) presents evidence for
fractionation of small amounts of orthopyroxene from Mauna Loa magmas at
intermediate to low pressure.

Small but significant differences in compositional trends, element
ratios (e.g., KZO/P205), and trace element contents exist between Kilauea
and Mauna Loa lavas (Jamieson, 1970; Wright, 1971). These differences are
reflected in the one-atmosphere melting behavior of these rocks as
summarized by Jamieson (1970). Our trace element data further confirm
these differences (Murali et al., 1978; this paper). Wright (1971)
suggested that compositional differences between Kilauea and Mauna Loa are
similar in nature to the secular variations observed at Kilauea alone, and
that they could arise as the result of high pressure fractionation
involving ortho- and clinopyroxene, spinel, and olivine. We will show that
Wright's (1971) model is not consistent with differences in the REE
abundance patterns of Kilauea and Mauna Loa basalts. We will also
demonstrate that the REE data are consistent with origin of these two
magma types by partial melting of different mantle source regions.

Sampling and Analytical Results

In order to evaluate the nature of mantle source regions we
analyzed a suite of twentieth century summit lavas from Kilauea that
consisted of seven olivine-controlled basalts with low Mg0 and glasses
separated from three high Mg0 picritic lavas; all of these samples 1lie
near the low Mg0 end of the olivine-control line defined by twentieth
century Kilauea summit lavas. We also analyzed a glass separated from a
prehistoric picritic summit lava from Mauna Loa. The REE contents of the
Kilauea samples are uniform within our analytical uncertainty and an
average content is considered in the following discussion. The REE
abundances for the Mauna Loa and the average Kilauea summit lavas and our
analytical uncertainties are given in Table 1. All individual analyses and
details of our INAA (instrumental neutron activation analysis) procedures
are given in Murali et al. (1978).

The chondrite-normalized REE profiles for Kilauea and Mauna Loa
basalts are contrasted in Fig. 1. The Kilauea samples display a more
strongly fractionated REE profile with higher light REE and slightly lower
heavy REE abundances than the Mauna Loa Sample. The shapes of the REE
profiles also differ significantly. It will be noted that our REE profiles
differ from those published by Schilling and Winchester (1969) in that
theirs are characterized by chondrite-normalized La/Ce < 1. Their data
for standard rock W-1 also shows this feature. Recent high precision data
of Taylor (in press) for a Kilauea basalt (BHVO-1l) are in excellent
agreement with our average for Kilauea summit lavas.

Effects of Fractional Crystallizétibn

Murali et al. (1978) have evaluated low pressure fractionation
processes at Kilauea using the differentiation models of Wright and Fiske
(1971) that were derived independently from considerations of major
element data. The only relevant low pressure modification of the summit
lavas is through fractionation of olivine and perhaps.small amounts of
spinel and orthopyroxene. All of these phases have very low REE
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Fig. 1. Chondrite-normalized REE profiles for Mauna Loa
(o) and Kilauea (A) summit lavas.
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Fig. 2. Comparison between observed (A's) and calculated REE
profiles in liquids (CL) and calculated REE profiles for refractory
residue (CS/CO) for Mauna Loa (A) and Kilauea (B). The computed
chondrite-normalized liquid profiles (solid lines) are identical over
the entire range of F values in models for each volcano. Melting
models were considered satisfactory only if calculated values of Cp,
for each REE agreed within our analytical uncertainty with the
observed values. Residue profiles (normalized to chondritic source
with REE abundances C, times those in chondrites) vary as a function
of F; some representative patterns are shown. These profiles resemble
those in many Alpine (ophiolitic) peridotites.
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TABLE 1. Trace Element Content of Kilauea and Mauna Loa Summit Lavas (ppm)

b

Kilauea? Mauna Loa Uncertainty” (%)
La 15.4 + 0.9 10.0 ‘ 5
Ce 38 + 1.6 ‘ 27 ' 5
Sm . 6.04 + 0.16 5.69 : 2
Eu 2.00 + 0.09 1.99 : 5
Tb 0.88 + 0.06 0.94 | 5
Dy 5.2+ 0.3 , -- | 20
Yb 1.96 + 0.11 2.33 | 5
Lu 0.29 + 0.03 0.31 5
Ba 118 + 21 -- | 20
Sc 31 + 1.4 32 2
Cr 386 + 54 ‘ 420 : 5
Ni 171 + 47 119 , : 15
Co 46 + 3.2 35 © 2
a8 Average of ten samples, except for La, Ce, and Cr (n = 9)
. and Dy (n = 5).
b Estimated counting statistical errors.
TABLE 2. Melting Proportions Used in Melting Calculations
Assemblage Melting Proportions (pji's) Reference
oliv:cpx:gar 0.08:0.46:0.46 - Davis § Schairer (1965)
oliv:opx:gar 0.05:0.20:0.75 Kushiro (1968)J ;
oliv:opx:cpx . 0.20:0.20:0.60 Kushiro (1968, 1969)
oliv:opx:cpx:gar 0.05:0.15:0.40:0.40 estimated
oliv:opx:cpx:spin 0.10:0.20:0.60:0.10 estimated
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distribution coefficients (they strongly reject the REE compared with a
coexisting silicate melt), and it is easily shown that removal of these
phases will enrich the REE in the residual melt without significantly
fractionating the light and heavy REE. Therefore, fractionation models
involving these phases will not alter the relative abundances of the REE;
that is, the REE profiles will remain representative of the undifferentiat-
ed precursor magmas. Insofar as high pressure fractionation involves these
minerals, the same conclusion applies.

Wright (1971) postulated that the secular variations in compos-
ition of Kilauea summit lavas, and in principle the difference between
Mauna Loa and Kilauea lavas, could arise as a result of high pressure
fractionation of clinopyroxene in addition to the above mentioned minerals.
REE distribution coefficients for clinopyroxene are significantly different
for the light and heavy REE so that removal of this mineral will increase
the light REE/heavy REE ratio in residual liquids. However, all the REE
distribution coefficients for clinopyroxene are less than one (Grutzeck
et al., 1974; Murali et al., 1978). Thus removal of clinopyroxene will
also produce some enrichment of the heavy REE as well as the light REE and,
therefore, cannot account for the difference in REE profiles for Kilauea
and Mauna Loa. Explicit tests of Wright's (1971, Table 22) high pressure
fractionation models using distribution coefficients given in Murali et al.
(1978, Table 6) indicate that REE profiles of the resulting liquids will
not be significantly fractionated. Calculated enrichments, assuming
Rayleigh fractionation, range from 1.35 to 1.42 for La and 1.28 to 1.37 for
Lu for Wright's models. In addition, these models would result in strong
depletion of Cr, Ni and Co in the residual liquids, whereas the Kilauea
glasses (containing no olivine) actually have higher Co and lower Cr and Ni
than the Mauna Loa glass. Finally, it is impossible to account for the
different K20/P305 ratios in the Kilauea (1.9-2.1) and Mauna Loa (1.76)
lavas by Wright's models. It would be required that a phosphorus-bearing
phase such as apatite be fractionated to account for such a difference, yet
there is no petrographic or experimental support for this possibility. All
of these considerations are at least consistent with, if not supportive of,
the interpretation that the Kilauea and Mauna Loa magmas are not related by
intermediate pressure fractionation processes as envisaged by Wright (1971).

We note that high pressure fractionation of Mauna Loa type magma
may possibly yield magmas of the Kilauea type if garnet is involved.
Garnet strongly excludes the light REE while strongly accepting the heavy
REE (e.g., Shimizu and Kushiro, 1975) and may also incorporate significant
amounts of Py0g (Thompson, 1975). It remains to be seen whether or not
garnet fractionation is compatible with variations in major element
composition of the Kilauea and Mauna Loa lavas.

It is important to note that the secular variations in major
element composition noted for Kilauea apparently are not reflected in the
REE contents of those lavas. Murali et al. (1978) show that prehistoric
and nineteenth century low Mg0 olivine-controlled summit lavas have REE
profiles that resemble those for the twentieth century lavas, although the
absolute REE contents are not identical. Therefore, these samples do not
display any gradation in REE pattern toward the Mauna Loa type magma.

This relationship also indicates that if secular variations at Kilauea do
result from some high pressure fractionation process, that process does not
significantly affect the REE relative abundances. Thus it seems likely
that REE profiles in the summit lavas are similar to those in their parent-
al magmas and can be employed to gain information about their mantle source
region.

Swanson (1972) suggested that magma has been supplied to Kilauea
volcano at a steady rate from 1952 to 1971, and perhaps throughout historic
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time, based on (1) direct calculations of magma production rates for three
major eruptions of sustained duration, (2) consideration of summit
deformation related to high-level magma storage during periods of
quiescence or of small volume eruptions, and (3) comparison of isostatic
subsidence rates for Hawaii with rates of addition of magma (mass) to Mauna
Loa and Kilauea. Swanson proposed that the observed rate of magma supply
may be that from the mantle, and not simply from holding reservoirs within
the volcanic edifice itself. If this model is correct, much of the magma
erupted at Kilauea has undergone only minimal dlfferentlatlon at inter-
mediate depths.

In the next section we estimate, using a least-squares multilinear
regression analysis (MRA), the modal mineralogy of mantle source regions
that can generate magmas with REE abundance patterns like those in Kilauea
and Mauna Loa summit lavas. :

Effects of partial melting--theoretical considerations

We employ a rather simple model of partial melting in which magma.
accumulates in a single batch and remains in chemical equilibrium with
residual minerals until the batch of magma is extracted. It is assumed
that melting occurs at some invariant (i.e., eutectic or peritectic)
composition that can be expressed in terms of the proportions (pi's) in
which each phase melts; for melting intervals in which none of the original
phases is depleted, the values of p;i remain constant. This case seems more
realistic than fractional melting models which involve continuous segreg-
ation of melt from the residual source rock, and lends itself to a
straightforward mathematical treatment based on the non-modal batch melting
equation of Shaw (1970):

)

where

C;, = trace element content in melt phase (chondrite-normalized)

CO = trace element content in initial solid (chondrite-normalized)

F = fraction of original solid that is melted

Bb = initial bulk distribution coefficient weighted according to
weight fraction (Wj) of phases initially present in the
source rock (=L Wj - D;)

D, = individual mineral/liquid distribution coefficient

(= concentration of element in phase i/concentration in melt)

P = bulk distribution coefficient weighted according to weight
proportions (pj) in which the source phases melt (=X p; - Dj)

From the above equations we can derive two expressions for the initial bulk
distribution coefficient for any given element as follows:

) o F(1-P) =2 W D
T oc. I A i

(e]
L
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For the case of three phases in the source rock:

C
o
E-I_, - F(1-P) =Wa . Da+Wb . Db+wc . Dc .
Considering that W, = (1 = Wy - Wp) this expression can be rearranged as
follows:
1
Wa(Dc - Da) + Wb(DC - Db) + Co((—:z) = F(1-P) + Do

In this equation all expressions in brackets and on the right hand side,
except for F, can be treated as constants. For any arbitrary value of F

a matrix of such equations (one for each REE) can be solved by MRA to yield
optimal values for the dependent variables Cgo, Wg, W, etc. As we have
defined Cy, to be chondrite-normalized, the C, parameter obtained from the
MRA solution is an estimate for enrichment of REE contents in the source
region relative to chondritic abundances. This approach implicitly assumes
that the source region is characterized by chondritic REE relative
abundances. REE contents in several garnet pyroxenite and spinel lherzo-
lite xenoliths from Oahu (Nagasawa et al., 1969; Reid and Frey, 1971;
Philpotts et al., 1972) indicate that this assumption is reasonable to a
first approximation. Preliminary models involving light REE depleted
source material have not yielded satisfactory agreement between calculated
and observed values of C; for Mauna Loa or Kilauea. The chondritic
abundances used by Sun and Hanson (1976) have been adopted for all
calculations in this paper. Melting proportions have been estimated from
phase diagrams of simplified mantle systems and are given in Table 2 with
references. The calculations are not very sensitive to even rather large
uncertainties in the pj; values used.

The mineral/liquid distribution coefficients (D's) adopted in this
paper are given in Table 3. The D's for olivine, orthopyroxene, and even
spinel are sufficiently low for the REE that uncertainties in these values
will not greatly affect the outcome of partial melting calculations. On
the other hand, uncertainties in the REE D's for garnet and clinopyroxene
can significantly change the outcome of the calculations. Inasmuch as
published estimates of REE D's are quite variable for these minerals
(Masuda and Kushiro, 1970; Grutzeck et al., 1974; Arth and Hanson, 1975;
Shimizu and Kushiro, 1975; Shaw, 1977) we tested our models using most of
the quoted estimates. We adopted the clinopyroxene D's of Grutzeck et al.
(1974) because their experimental procedures were most straightforward and
their measurements are suitable for the temperature range of interest (near
1300°C). Except for La and Ce their data also agree with one of the
experimental results of Masuda and Kushiro (1970). However, the latter
work involved difficult mineral separations in a small sample, so the
higher D's reported by Masuda and Kushiro for La and Ce may reflect cont-
amination of their clinopyroxene by glass. We adopted the garnet D's
similar to those compiled by Arth and Hanson (1975) as a matter of necess-
ity; their values were the only ones that could give us an acceptable fit
between calculated and observed REE profiles for the Kilauea and Mauna Loa
data. We checked all possible combinations with D's for other minerals.

It is conceivable that the experimentally determined garnet D's of Shimizu
and Kushiro (1975) may be in error, since they performed mineral separat-
ions using a differential dissolution procedure. If their garnets were
zoned with increasing heavy REE content toward the rims (a possibility they
did not check), then differential dissolution of garnet rims during

mineral purification would result in low apparent D's for the heavy REE
whereas D's for the light REE would not be significantly affected. Because
the REE D's for olivine and orthopyroxene are so small and similar,
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TABLE 3. Distribution Coefficients Used in Partial Melting Models
Element Olivine Opx Cpx Garnet Spinel
La 0.007 0.005 0.069 0.004 0.03
Ce 0.007 0.006 0.098 0.008 0.032
Sm 0.007 0.013 0.26 0.21 0.053
Eu 0.007 0.014 0.26 0.42 0.055
Tb 0.009 0.021 0.31 1.6 0.092
Yb 0.014 0.056 0.29 9.3 0.17
Lu 0.016 0.068 0.28 10.5 0.091
Sources of data:
Olivine: Arth and Hansen (1975)
Orthopyroxene: McKay and Weill (1976)
Clinopyroxene: - Grutzeck et al. (1974) ‘
Garnet: Philpotts et al. (1972), calculated for
sample GSFC-21
Spinel: Kay and Gast (1973)
NOTE: Where experimental data are available values of D
appropriate for ~ 1300°C were adopted. D's for
some REE's were interpolated or extrapolated from
measured values.
TABLE 4. Mantle Models for Kilauea and Mauna Loa
F Wor-opx Wepx  Wear Co Ror- Ropx Repx  Rgar  Ror+opx
Kilauea
0.01 0.95 0.040 0.0082 0.81 0.72 0.24 0.037 0.0042 0. 6
0.05 0.75 0.21 0.042 3.1 0.59 0.19 0.02 0.023 0.78
0.10 0.49 0.43 0.084 6.1 0.40 0.12 0.43 0.049 0.52

0.05 0
0.10 0
0.20 0
0.30 0
0.40 0

0.037 0.029 1.8 0.73 0.24 0.018 0.0099 0.97
0.087 0.060 3.4 0.71 0.22 0.052 0.022 0.93
0.19 0.12 6.7 0.64 0.18 0.13 0.051 0.81
0.29 0.18 10.0 0.55 0.13 0.24 0.088 0.67
0.39 0.24 13.3 0.43 0.005 0.38 0.14 0.49

W;'s are initial weight fractions of phases in source region.

R;'s are weight fractions of phases in residual solid after magma
extraction; these are calculated using a ratio of OL:OPX = 3:1.
These values are only approximate since they depend upon values
of p;'s adopted.

pj's used are as follows: oliv+opx:cpx:gar = 0.20:0.40:0.40.
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treatment of these phases separately in the MRA calculations introduces
large uncertainty into the estimation of Wo1jy and Wopx. Therefore, we
have treated these minerals as a single phase in our models, using D's
weighted in the proportion oliv:opx = 3:1; the resulting MRA solutions give
an estimate of the weight fraction of combined olivine and orthopyroxene in
the original source region.

To model the mineral constitution in the mantle beneath Hawaii
we assume that the mantle generally resembles some of the ultramafic
xenoliths found in Hawaiian lavas (e.g., Jackson, 1968). The most common
xXenoliths of a non-cumulate nature are lherzolites and pyroxenites; on
Oahu garnet-bearing lherzolites and pyroxenites are found, but these are
not common there and they are not found elsewhere in the Hawaiian Islands.
Jackson and Wright (1970) suggest that garnet lherzolite is a reasonable
parental material for Hawaiian tholeiites and that the scarcity of this
lithology among xenolith suites is to be expected as it is largely melted
at depth or during ascent to the surface. Other constraints come from
geophysical studies that show that major eruptive phases at Kilauea and
Mauna Loa are preceded by intensified seismic activity with earthquake foci
as deep as about 60 km (Faton and Murata, 1960; XKoyanagi et al., 1975). If
it is assumed that the magmas are derived from a melting zone below this
depth (c.f., Wright, 1971), then the melting zone lies within the spinel or
garnet peridotite stability field (Green and Ringwood, 1970). We have
tested a variety of hypothetical source assemblages including the minerals
olivine, ortho- and clinopyroxene,and either spinel or garnet. We have not
considered models involving hydrous minerals such as mica or amphibole. In
mafic magmas, REE D's for mica are small and those of amphibole are similar
to clinopyroxene D's (Arth and Hanson, 1975) so involvement of these
minerals will not materially alter the partial melting calculations.

Partial melting models - liquids

The inversion technique described above was applied to the data
for Kilauea and Mauna Loa summit lavas. Of the several hypothetical
mineral assemblages tested only that involving (oliv + opx)-cpx-gar yielded
acceptable solutions for a wide range of F. All other assemblages (includ-
ing spinel or plagioclase) tested either yielded negative weight fractions
for one or more phases or yielded positive values only at very low degrees
of melting (F < 0.01l). Some representative solutions are given for each
volcano in Table 4. These solutions are not unique. For a wide range in F
(up to 0.18 for Kilauea and 0.46 for Mauna Loa), values of Wi and Co can be
found that will yield reasonable agreement between calculated and observed
values of C1, (see Fig. 2). Plots of Wi's and Cg solutions versus F for
each volcano (Fig. 3) show that these parameters vary smoothly with F.
Furthermore, a unique melting model can be defined if any one of these
variables can be determined independently. It is also apparent that C
(enrichment of source in REE relative to chondrites) must increase witg
increasing melt fraction, but the absolute values of Cp cannot be precisely
defined at any F value because REE contents in the analyzed summit lavas
may have been enhanced by olivine fractionation. The calculated Co values
must be considered as upper limits.

Weight fractions of phases in the source material for Kilauea and
Mauna Loa are displayed in a different way in Fig. 4a. At low degrees of
melting the source materials for each volcano approach harzburgite, but as
the degree of melting increases the source materials must become progress-
ively richer in clinopyroxene and garnet. Also the clinopyroxene/garnet
ratios remain constant for all degrees of melting, but differ significantly
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Fig. 3. Computed weight fraction models (scale on left) and Cq
(scale on right) values for source rocks that, upon melting over a
range of F values, can yield optimal agreement between calculated
and observed REE abundance patterns. Results of calculations are
given for both Kilauea (A) and Mauna Loa (B).
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Fig. 4. Calculated modes of original source rocks (A) and
refractory residua (B), for Mauna Loa and Kilauea melting models.
Regardless of the postulated degree of melting, the source region
for each volcano is characterized by a constant clinopyroxene/
garnet ratio. Modes of ultramafic xenoliths (Jackson and Wright,
1970) from Oahu are plotted for comparison (O's). Numbers by
solid circles represent percentage of partial melting.
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for the two volcanoes (5.7 for Kilauea versus 1.6 for Mauna Loa). Any
systematic errors in the D;'s and pj's used in the calculations will not
alter the conclusion that a significant difference in the mineral consti-
tution of the source regions is required if the REE patterns of the Kilauea
and Mauna Loa lavas are representative of their parental magmas. We
emphasize that different degrees of melting of the same source material
cannot produce liquids with both the Kilauea and Mauna Loa REE profiles.
REE profiles in picritic samples (up to 22% Mg0) from Kilauea are essent-
ially identical to those of the low-Mg0 summit lavas considered here,
although absolute REE contents are lower as a result of olivine dilution
(Murali et al., 1978). Modes are plotted in Fig. 4 for several Oahu xeno-
liths studied by Jackson and Wright (1970). Of these xenoliths, the garnet
lherzolites appear to be the most reasonable candidates as parental
material for Hawaiian tholeiites, in which case the degree of melting
required is moderately large (F > 0.3). .

" Partial melting models - refractory residue

The partial melting models for Kilauea and Mauna Loa can be
further evaluated in terms of the mineral constitution and REE profiles
predicted for the refractory residue left after extraction of magma.
Weight fractions of residual minerals (Rj's) can be calculated by mass
balance using the values of Wi's, pji's, and F for each melting model.
Because of our combined treatment of olivine and orthopyroxene, Ws1jy+opx
was proportioned according to the arbitrary ratio oliv:opx = 3:1.
Resulting values of Rj are given in Table 4 and displayed in Fig. 4b.
Calculated residue modes vary regularly with F and define different trends
of constant clinopyroxene/garnet ratio for each volcano. At any given
value of F the residual material is depleted in garnet and clinopyroxene
relative to the parent, but the extent of this depletion is uncertain
largely because of uncertainties in the pj's. Lherzolite and/or dunite
residues would be consistent with our models, although for large degrees of
melting it would seem likely that the residue would contain some garnet.

REE contents in the aggregate residual material (Cg) relative to
those in the initial source rock (Cqy) are given for the non-modal batch
melting model by the following equation:

@]

Dy - PF
Co (I-F) (Dg + F(1-P))

)

By our earlier definitions this ratio is chondrite-normalized. Some
representative REE profiles calculated for refractory residua in the
Kilauea and Mauna Loa source regions are given in Fig. 2. Partial melting
of a source material with chondritic REE relative abundances should result
in light REE depleted residua, that is, rocks similar to Alpine peridotites.
Analyzed lherzolites and garnet pyroxenites from Oahu (Reid and Frey, 1971;
Philpotts et al., 1972) all display unfractionated or light REE enriched
profiles, and do not appear to be residual with respect to Hawaiian
tholeiite magmas. At present there are too few REE data for Hawaiian
xenoliths to rigorously test our partial melting models.
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Conclusions

The petrology and geochemistry of summit lavas from Kilauea and
Mauna Loa volcanoes are sufficiently distinct to suggest that these lavas
are not genetically related by crystal fractionation processes. Temporal-
compositional relationships further suggest that REE abundance patterns for
Kilauea and probably Mauna Loa magmas have not been significantly modified
by differentiation processes during ascent to the surface. If these REE
profiles are indeed representative of REE profiles in Kilauea and Mauna Loa
primary magmas, then it seems likely that differences between the REE
profiles of the two magma types could be produced only by partial melting
of source regions having different mineral constitution. We are currently
testing this conclusion by further analyses of samples from Mauna Loa.
Because these two volcanoes are situated only 30 km apart, it seems most
likely that their magmas are derived by melting at different depths. The
higher garnet/clinopyroxene ratio inferred for the Mauna Loa source would
seem to be compatible with melting at greater depth below this volcano.
Until further work has been done on Hawaiian lavas and ultramafic xenoliths
it seems premature to explore tectonic implications of our models; however,
our approach, coupled with radiogenic isotope studies, may lead to a better
understanding of mantle heterogenieties beneath the Hawaiian Islands.

The results of Pb (Tatsumoto, personal communication, 1977) and
Sr and Nd (0'Nions et al., 1977) isotopic studies of samples from Kilauea
and Mauna Loa indicate that their respective source materials may be
isotopically distinct, and that these isotopic heterogeneities in the
Hawaiian mantle may have persisted for long periods of time.
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Note added in proof:

Twelve additional samples, containing about 7 wt.% Mg0, from
Mauna Loa have chondrite-normalized REE profiles that agree closely with
that presented here for a single prehistoric lava, thus confirming a con-
sistent difference in REE profiles between Kilauea and Mauna Loa. We also
wish to emphasize that an important objective of this study is to evaluate
simple melting models for Hawaiian basalts. Because certain parameters in
these models (such as distribution coefficients and REE profiles in the
postulated source material) are not well established, our models must be
considered tentative. As an example, recently published Sm-Nd isotopic
data seem to require a light-REE depleted source material for Hawaiian
basalts. Preliminary models involving such a source yield calculated
liquids with REE profiles similar to those observed in the Kilauea and
Mauna Loa basalts. However, our conclusion that the respective source
regions differ with respect to mineral constitution and(or) bulk composi-
tion still seems viable. Future modelling involving transition metals may
help resolve additional details of the mantle beneath Hawaii.
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CHEMICAL AND ISOTOPIC COMPOSITIONS OF LAVAS OF ISLA TORTUGA AND INDICATIONS
OF PARTIAL FUSION OF ISOTOPICALLY DISTINCT MANTLE SOURCE IN THE VICINITY
OF OCEANIC SPREADING CENTERS

Rodey Batiza*
Scripps Institution of Oceanography
La Jolla, California 92093

(Extended Abstract)

Isla Tortuga (Fig. 1) is a small (45 km3) and young (< 1.7 m.y.)
tholeiitic oceanic central volcano. It is both structurally and petrolo-
gically linked to the actively spreading trough with which it is associated
(the Guaymas basin). The significance of Tortuga and other small volcanoes
located on young oceanic crust lies in the fact that if they remain active
as they drift away from the ridge crest, the chemical and isotopic content
of their lavas may help to elucidate several important petrogenetic
problems. For example, these seamounts may provide a continuous petrologic
record of the transition from LIL-depleted tholeiitic ridge-crest volcanism
to more typically undepleted, alkalic "off-ridge" volcanism (Batiza, 1977a).
Thus, they may help to determine the nature of changes either in the
chemical or phase composition of the oceanic upper mantle and the processes
of partial melting responsible for the production of these chemically
different magma types. Results from the study of Tortuga bear on this
particular problem.

The regional setting, geology, petrology, and geochemistry of
Isla Tortuga are discussed by Batiza (1977b), and the results of Sr87/sr86
and rare-earth element (REE) abundance determinations will be presented by
Batiza et al. (in prep.). Tortuga is composed of LIL-depleted tholeiitic
basalt, abundance fractionated basalt and small volumes of icelandite.
Numerical models of the major and trace element (including REE) contents
of the lavas of this suite support the hypothesis that the more evolved
lavas are related to the most Mg and Ni-rich Tortuga samples by simple
fractional crystallization of a low-pressure phase assemblage. Further-
more, the most Mg and Ni-rich Tortuga lavas could evolve from a typical
mid-ocean ridge tholeiitic liquid by subtraction of about 10 wt. & of Fo85
(Batiza et al., in prep.). It is therefore concluded that the source of
the Mg and Ni-rich Tortuga lavas is identical with that of the nearby
spreading center lavas.

.

Howevér, the Sr87/Sr86 ratios of the Tortuga lavas ranges from
0.7024 to 0.7036 which is much larger variation than would be produced in a
suite of comagmatic lavas produced by partial melting of an isotopically
homogeneous source in the upper mantle. Further, the sr87/sr86 ratios
appear to be related to the chemical compositions of the lavas (but not to

* Present address: Department of Earth and Planetary Sciences, McDonnell
Center for the Space Sciences, Washington University, St. Louis,
Missouri 63130
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their stratigraphic position). For example, the negative correlation
between Mg0 and Sr87/Sr86 of the lavas has r2 = 0.73. This variation in

- 5r87/5r86 could be due to contamination of the lavas by a small amount

(2-3 wt. %) of material having an Sr87/Sr86 of 0.71 and Sr = 500 ppm, or by
mantle heterogenieties in the source region of the Tortuga lavas. Produc-
tion of the high Sr87/Sr86 ratio in the crust by the radioactive decay of
Rb87 in a magma chamber, for example, is precluded by the youth and low
Rb/Sr of the lavas._ Contamination of the lavas by material having high Sr
content and low Sr87/Sr86 is precluded by the low Sr abundance of the
Tortuga lavas and lack of correlation between Sr content and Sr87/Sr86 of
the lavas after the removal of the effects of fractional crystallization on
their Sr contents. It may be possible to determine whether contamination
or mantle heterogeneities have caused the observed range of Sr87/Sr86 on
Tortuga examination of the Nal43/Nal44 ratios of the lavas (determinations

are in progress). If the range of Sr87/Sr86 is not due to contamination,
then it must be due to mantle heterogeneities in the source region of the
lavas. Since the range of strontium isotope ratios on Tortuga is greater

than that observed at the mid-ocean ridges, it may represent the mixing of
two isotopically distinct mantle sources. However, these isotopically
distinct mantle sources must be very similar in other respects, since the
Tortuga lavas appear to be related by simple fractional crystallization.
It is suggested that Tortuga may be representative of central volcanoes
located over the narrow transition zone between the depleted mantle source
of ridge crest tholeiites and the less-depleted mantle source of "off-
ridge" volcanism.
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TRACE ELEMENT BEHAVIOUR DURING ANATEXIS

Denis M. Shaw
Department of Geology
McMaster University
Hamilton, Ontario
Canada

Abstract

The behaviour of trace elements during anatexis has been thorough-
ly explored in recent years in algebraic and geometric applications of the
Berthelot-Nernst partition rule. Experimental measurements are beginning
to suggest the magnitudes and variabilities of partition coefficients.

Some of the factors which are often neglected are (a) inadequacies
in the theory, (b) variability of D-values, (c) measurement difficulties
for D-values, (d) role of accessory minerals, (e) role of volatile phase,
(f) petrological controls, (g) dynamics of melt separation, (h) wall-rock
interactions.

Trace element models are useful provided allowance is made for .
these factors and the geological base is sound.

Introduction

Development of the theory of trace element behaviour in hetero-
geneous phase equilibria has led to numerous studies of magmatic crystall-
isation over the last 30 years: adaptations of the theory to anatexis have
been elaborated more recently. Quantitative applications in both fields
have been hindered by a lack of measurements of the essential parameters,
i.e. partition coefficients (D-values), but the situation is improving
rapidly and in recent years many trace element models of mantle and crustal
fusion have been proposed. This is a worthwhile activity, but should be
moderated in view of the inherent pitfalls and present-day uncertainties:
this paper will review some of these.

The basic theory will first be stated, using certain simplifying
assumptions. The effects of variation of D-values will next be examined,
followed by a statement of a more generalized theory. Lastly the effects
of phase petrology, melt migration dynamics and zone-refining will be shown
to provide inescapable constraints on the trace element theory.

Simple theory for trace element behaviour during partial melting

Schilling and Winchester (1967), Gast (1968) and Shaw (1970)
developed equations to describe the behaviour of a trace element during
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TABLE 1. Definitions

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

(g) of whole system
of solid phases
of liquid phase

of fluid (gaseous) phase

L/W0 fraction of liquid

WS/W, = 1-F = fraction of solid

of component i in the whole system

of component i in the solids

of component i in the liquid

concentration of component in the whole éystem
concentration of component in the solids
concentration of component in the liquid
concentration ratio for components i, j

fraction of solid phase e among the other solid

phases

mass

fraction of solid phase ¢ which melts,

expressed as a fraction of the liquid phase

number of moles of component i in phase ¢

mole

fraction or cation fraction of component i

in phase ¢

molar equilibrium constant (also called Kp)

molar partition coefficient of component i
between phases a,B

mass

partition coefficient of component i between

phases a,B

apparent value of D?_

B

(see text)

190



" partial melting. More recently Hertogen and Gijbels (1976) and Consolmagno
and Drake (1976) have written on these theoretical topics. Using the
terminology of the third reference, summarized in Table 1, the point of
departure is the Nernst-Berthelot principle, that the ratio of the molar
concentrations (x) of a component (i) soluble ideally in two phases (o,R)
coexisting at equilibrium is

a-B  _ o, B

Ai = Xi/xi (1)
and Ag-B may be taken as constant, for constant P, T, and other components
xs, provided that the x; are small. 1In practice the difference between

molar and weight concentration is often ignored (not always with justif-
ication: see Mysen, 1976), the chemical identity of the component i is
ignored and taken to be simply a metallic element or cation, and the
partition coefficient A is then written as D, so that eqg. (1) becomes

o-B _ a,.B ;
D§ = cj/cy . (2)

If the coexisting phases are solid (s) and liquid (%) we can write
(neglecting i)

ps=% = p = cs/ct, (3)

but if éeveral solids a,B,e coexist in equilibrium with liquid, we can
define a bulk distribution coefficient, D or Dyg where,

B .B-2 e_e-4

Dyr = X°D** + x°p + ... =1XD (4)

where the X% are the mass fractions of the different phases, and I X% = 1.
The DE-! will now be taken as constants, but this already depends on the
several assumptions already mentioned.

If a multiphase solid having a bulk partition coefficient D is
partially melted, in such a manner that each phase melts in the proportion
which it has in the initial rock (modal melting), three expressions may be
derived to describe the concentration of a trace element i after a fraction
F (where O<F<1l) of liquid has been produced (see Shaw, 1970):

1

= -1
¢t =% (l-F)(D ) Rayleigh fractionation t5)
D
1
L _c D T
c = 75 [1-(1-F) ] accumulated fractions (6)
L (o] Do . .
cl = o equilibrium fusion (7)
D+F (1-D)

The first of these gives the instantaneous concentration of i in the liquid
separating at F, where the melt is continuously removed from the residual
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solid: this formula was first derived by Rayleigh (1896) and may corres-
pond closely to some geological situations (e.g., where liquid is contin-

ually squeezed out of a solid). The second expression shows the average or
accumulated concentration of all the liquid fractions: +this may closely
portray the accumulation of melt fractions in a magma reservoir. Equation

7 shows the concentration obtained where complete equilibrium is maintained
between solids and melt: it implies that rates of material diffusion with-
in crystals and between crystals and liquid are greater than the rate at
which heat is supplied to cause melting. Hoffman and Magaritz (1976) have
shown that cation diffusion rates in silicate melts are 105 to 107 times
faster than in silicate solids, but nevertheless local equilibrium might
obtain if the grain-size is coarse (> 1 cm) and the time available is about
105 yr: this supposes a static environment without convective mixing,
which would of course aid equilibration.

The restriction that a rock will melt in its modal proportions is
generally far from true except where the minerals happen to be present in
eutectic or peritectic proportions, so equations 5, 6, 7 need to be
modified for the case where the proportions of the minerals entering the
molten phase are p€ @€ p® = 1). This is achieved by defining a new bulk
distribution coefficient

P =Zp€DE_/Q', (8)

which permits calculation (Shaw, 1970) of modified equations for non-modal
melting:

1
ct = 99(1-5%(5"1’ (9)
DO DO
1
= 20 n-a-E (10)
F Do
Ll = __ S (11)
Dy+F (1-P)

In these expressions zero values for p® are permissible, so long as at
least one is in the range O<p€<l. Using these equations it is thus
possible to calculate the effect of partial melting on an initial
assemblage of, say, ol+opx+cpx+spintphlog, where only opx+phlog enter the
melt. Of course the constraint that O<F<1l is further restricted, and
melting will cease (or change course) when some phase o is exhausted, which
obtains when

F = x%/p® o (12)

Melting thus proceeds in a series of steps, each ending with the exhaustion
of one phase, being renewed with a new set of pf: the final concentration
may be calculated by making the end parameters of one step become the
initial parameters for the next step. Explicit analytic expressions for
this have been derived by Hertogen and Gijbels (1976).

ff attention is to be focussed on the behaviour of the concent-
ration ratio R for two elements, i and j, equations 5 through 12 may be
readily adapted. Thus for the accumulated liquid during modal melting we
find that
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1/D4

- 1-(1-F)
R = R, + ——F7 13
° 1-(1-F)1/D5 (13)
where R, is the element ratio in the initial solid assemblage.
, The foregoing simple theory depends on assumptions of various
kinds, including the constancy of DiE‘R (or Dj), i.e. that
dD; ~ dp; o dDy
ar " ap © dxy * 0 (14)

It also depends on the assumption that the proportions of mineral melting
do not change, or

ar ' o (15)
The theory furthermore disregards the effect of incongruent melting, and
the effect of a second fluid phase (volatile-rich) and of other constraints
imposed by the phase petrology. In addition the geometry and dynamics of

heat supply (diffusion, convection, etc.) and of magma movement (viscosity,
surface tension, density, etc.) have not been considered, nor have the
chemical effects of moving magma on wall rocks (zone refining). Some of

these factors will now be examined.

Dependence of D on other components

This effect may be studied analytically or experimentally. First
looking at theoretical aspects, consider a binary solid solution series
such as the Mg-Fe olivines. The molar partition coefficient for forsterite
(fo) between solid and coexisting liquid is expressed by

2
bfo = x%o/xfo

If we use n to‘represent number of moles of any component, then

s _ s S S _ S s S _ S
Xgo = DBgo/ Mgy + Dgg) = nyg/(nyg + nNpe) = Xyg
and the partition coefficient Agj will equal Ay The mass action law will

now express the equilibrium constant K and it 1g easy to show that

Mg Xfo K
byg = x&g = X%o = K+x%a(l—K) (16)

for ideal solutions.

The dependence of Ay, on the other component (iron in fayalite) at
a given P, T is shown in Figufe 1. When x&g is very small of course
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x%a =z 1 and Ay x K, which is the Nernst-Berthelot law, but otherwise x%

: a
varies and consequently AMg 1s not constant.

Mg Partition in Olivine

C 1.0
Fig. 1. Var-
iation of partit-

ion coefficient
Amg with T and

A B composition under
univariant cond-
itions for the
binary olivine

1600

'
t
|
]
1400 ' 1 r system at constant
! pressure. The
' 2 curves were cal-
' ' _ 39 culated assuming
12001 . ! an ideal molecular
' ' composition.
[}
' s 1ot
1 Xfo 1 1 Xfo 1 1 1
10 0.5 mol. fraction O 0 10 20 30
fo fd A "s
If we write the mass partition coefficient D for this system, we
obtain ‘
s-2 s-2 sns
D - AM . Es . nl
Mg g W T
i
or
%
s=% _ s=2 M
DMg AMg - S (17)

where Ml(&Ms)is the weighted molecular (formula) weight) per component for
all components (e.g. for Mg, Fe, Si, O or whatever combinations of these
elements have been chosen as components). These are variables whose values
will depend on the liquid fraction F, but will be of similar magnitude; so
D will differ from A, but not by a great deal. :

Passing to a ternary system, where a trace metal i may substitute
at lattice sites occupied by two major metals, then as above we neglect the
differences between molar and mass partition and equate

a-P o B

Dl = Xi/Xi .

Analysis of the effects of the major element (j or k) substitution
leads to prediction of a linear relationship of the form

D, = a + bx% (18)
i J
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where a, b are constants, for the case where activity coefficients are

. close to unity. This means in practice that the partition of, for example,
Ni between olivine and basalt should approximate a linear function of the
forsterite fraction in the olivine.

The analysis may be extended to an r-component system, obtaining
again a linear dependence: .

r
o-B  _ a
Dy = ug + .Z'ujxj - (19)
j#i
Turning now to experimental evidence for the dependence of D on
bulk composition, many examples could be cited. A few have been chosen to
illustrate different factors.

The first example is the effect of %An in plagioclase on the
partition of Eu between plagioclase and liquid. Data compiled by Zielinsk<
(1975, Fig. 4) and shown in Figure 2 indicates D-values ranging from 0.1
for calcic plagioclase to nearly 2 for albite.

100

Another example is the
influence of the Ca-content of
garnet on the partition of V
between biotite and garnet. The
original data (Kretz, 1959, Fig. 8)
are shown in Figure 3a, and in
Figure 3b they have been recalcul-
ated to show the approximate
conformity with equation 18.

TTTT]
-
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T
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Alkali feldspar Numerous examples of non-
Nernst partition of Rb, Cs, Sr, Ba
between alkali feldspar of variable
composition and aqueous solutions
may be found in papers by IZyama
(1968), Sabatier (1971), Lagache
Feldspors and Sabatier (1973).

Clinopyroxene and
hornblende

L _L1rrflL

T T T TTTI]

1t

Magnetite=-lImenite

Tiyama (1965, 1970) also
demonstrates how varying anion
concentrations in the aqueous fluid
may also affect D-values for
alkali metals.

|

MINERAL/LIQUID DISTRIBUTION COEFFICIENT

The influence of bulk melt
composition is seen on measurements
- of partition between garnet and
| host lavas (Irving and Frey, 1976).
With systematic increase in Si0,

. plag-melt from basanite through hawaiite to
Fig. 2. Dependence of Dyy andesite the range in values for

on plagioclase composition Sm and Yb were:
(Zielinski, 1975, Fig. 4).
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Dgp, = 0.10 - 1.28

Dy, = 6.5 - 56
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Oxidation state is often relevant to the partition of a polyvalent
element. Variation of Eu partition between plagioclase and melt depends
strongly on f3_ and has been experimentally demonstrated by Drake and Weill
(1975, Fig. 6)2as shown in Figure 4.

The next and last example can best be described as a non-Nernst
distribution for which no specific cause of the non-ideality is evident.
Figure 5 shows an inflection in the Roozeboom plot of Sm in opx versus Sm
in coexisting basaltic liquid, taken from Mysen (1976, Fig. 4). One is led
inexorably to suspect the experimental results, and even though the
analytical errors seem very small, small amounts of a rather incompatible
element "inside" an orthopyroxene may have no thermodynamic significance.

— ~OpX hq
A KsCP/C o
3
a
a
o
c
&
o3r 4
2 -
2
T Fig. 5. Non-
c 2k 4 Nernst partition
E 49/ of Sm between
n NG 45// orthopyroxene and
¥§’ melt (Mysen, 1976,
1+ / h Flg. 4).
0/1 1 1 1

0 20 40 60 80 100 120 140 160 180 200
Smin liquid, ppm

Dependence of D on P and T

The theoretical basis for expecting element partition to be temp-
erature and pressure dependent comes from the mass-action law. The equil-
ibrium constant for a binary, two-phase (o0,f), two cation (i,j) exchange,
assuming unit activity coefficients is ‘

D. /D = K, = (-é-(i
i /Py = Kp = expl-ggp

(the usual symbol K could be used, but an anglo-saxon tradition not only to
prefer Kp, but also to incorrectly call it a partition coefficient, is
widespread), where AG is the free energy change at P,T. Variation of Kp
will then be expressed by:

Qn(KDl/KDz) = == (=- =) (20)

or - &n Kp « % for constant P,
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and

g ' : '
Qn(KDl/KD2) = RT (P1 -P2) (21)
or &n Kp <« P for constant T.

Many examples could be cited of studies which purport to show
natural systems for which equations 20, 21 apply. For some, major elements
have been used, necessitating use of Kp, but for systems where component i
is a trace element the equations, under adequate assumptions, reduce to:

2n D « % and 2&n D « P

Attempts to demonstrate these relations using rocks have often given
ambiguous results, partly as a result of analytical and sampling problems
(e.g. resulting from zoning in garnets), but also because of the difficulty
of establishing the P,T conditions under which a natural assemblage
crystallized. Recently, experimental studies have helped to provide more
satisfactory calibrations.

An example of major element partition varying with P and T is
given by the Mg, Fe2+ substitution in garnet and clinopyroxene (Raheim and
Green, 1975) from basaltic (eclogitic) rocks and is shown in Figure 6.

Fig. 6. The Mg-Fe exchange

o ®

a equilibrium constant for
2 o7 garnet-clinopyroxene (Kp) as
. ol a function of P and T (Raheim
Eh 2 and Green, 1975, Fig. 1).
g 8 wod®®
20 8 g
H S e
§3 /
,’I l," Gooo°®
1o+ !
o sh——bv R0

TEMPERATURE °C

For trace element partition, the behaviour 6f Sr, Ba and REE has
been investigated by many authors, and studies by Sun et al.(1974) and
Drake and Weill (1975) show significant T-dependence for some elements in
the plagioclase-basalt melt systeml: an example from the last authors is
seen in Figure 7. The REE also show significant T variations in partition
between olivine and water (w): combining their experimental results from
the equality

1 In experiments of this kind the effects of T cannot strictly be disting-
uished from those of composition variation on the liquidus and solidus.
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(1973) obtained ol-cpx partition values applicable to
(at 1 kb pressure), which are compared with observed basaltic

mineral partitions

(Fig.

8).

Geothermometric interpretations are clearly

possible.
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Fig. 7. Temperature dependence,

at constant pressure, of
pPlag-melt for various elements
(Drake and weill, 1975, Figs. 2,3).

A number of other T-dependent partition coefficients for Ni, Co
have been determined by Leeman (1973) and Hart et al. (1976):
effects again are important.
Drake (1976) .

The effect of P on trace metal substitution is less well-known.
Shimizu and Akimoto
little change in pcpx-basalt petween 15 and 50 kb for Sr, Ba, K, Rb, Cs.
Preliminary results on D9ar-basalt for REE at 30 kb have been obtained by
Shimizu and Kushiro (1975), so information on P effects in this important
system may be forthcoming soon.
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Problems of Measurement of D-Values

There are numerous sources of uncertainty in values of partition
coefficients used in melting models. These may somewhat artificially be
divided into two groups, according to whether D is measured by laboratory
experiment or on a quenched natural system.

Two of the problems in laboratory measurements are common to all
experimental mineralogy. The first is that laboratory experiments are
simpler than Nature, either in the external variables which have fewer
degrees of freedom or in shorter time-periods, or in simpler chemical
systems: extrapolation to real rocks may therefore be hazardous. The
second is slowness of diffusion between grain interiors, grain surfaces,
and melt. As a consequence it is difficult to establish whether equilib-
rium has been reached: a thoughtful study along these lines relevant to
REE partition has been given by Zielinski and Frey (1974). Another experi-
mental problem, more specific in nature, is that until recently analytical
techniques frequently lacked the sensitivity required for precise analyses
of trace metals on the (usually) small samples obtainable in controlled
P, T experiments: it was consequently necessary to boost the abundance
range by 2 to 4 orders of magnitude, hoping that the D-values thereby
obtained would remain valid at lower concentrations. Radiochemical tech-
niques are now available for some elements, to obviate these problems
(see, for example, Mysen and Seitz, 1975; Seitz and Hart, 1973), and many
D-values can now be measured at low concentration levels.

D-values obtained from quenched natural rocks have two main
sources of error, additional to analysis problems. The first is impurities
in mineral separates. This may take the form of surface or interior
contamination, often of unknown nature, and is the most serious for miner-
als which are not preferred hosts for the element in question. Thus Hart
and Brooks (1974) showed that two volcanic clinopyroxenes contained lower
abundances of K, Rb, Cs, Sr, Ba than are normally reported, but only after
the minerals had been subjected to ultra-meticulous sample separation and
cleansing: as a consequence the phenocryst-matrix D-values were lower by
factors of from 6x to 100x than other literature values.

This example nevertheless raises an interesting problem. If a
clinopyroxene of this kind form part of a rock undergoing melting, which
is being represented by a model such as given by equations 5-11, should
the mineral be represented by a "clean" or a "dirty" D-value? Certainly
the clean value is the only one which makes mathematical sense, but it is
nevertheless the dirty pyroxene which is melting. This pyroxene partition
paradox is unresolved.

Another troublesome form of impurity is the foreign inclusion.
Sometimes its presence is clear, e.g. where Cr values in olivine are
attributable to chromite inclusions. 1In other cases its presence may be
suspected, as with the REE abundances in the biotite shown in Fig. 9. The
abundance pattern mimics closely the pattern in the apatite, but at a level
10x lower: the almost universal occurrence of apatite inclusions in plut-
onic biotites suggests that the biotite is contaminated. Rare-earth D-
values for other biotites may also be suspect.

The other source of error in D-values from quenched natural
assemblages comes from having unknowingly analyzed inhomogeneous crystals.
The most common inhomogeneity is zoning, which is seldom visible in thin
section for minerals of higher symmetry: zoning of course reflects changes
in major or minor elements, but often suggests parallel changes in trace
elements. Zoning in garnet is seen in Fig. 10: if a D-value were to be
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to be measured between such garnet
and nearby pyroxene, using an REE or Fig. 10. Element profiles meas-
Ni, camouflaged by Ca and Mg, res- ured across garnet grains of
pectively, the meaning of "coexisting" various diameters, as indicated
would be ambiguous. At any stage (RGheim, 1975, Fig. 10).

during its growth, the outer rim of a

garnet crystal might be in equilibrium

with the outer rim of a nearby pyroxene grain, but it would not necessarily
follow that either separated garnets or a polished section microprobe
analysis would satisfactorily represent the concentration in the garnet.

If the system of study be a phenocryst (ph) which has crystallized
from the surrounding igneous melt, now seen as finergrained groundmass (gm),
and if the phenocryst embodies extreme fractional crystallization (i.e.
extreme zoning) sometimes referred to as Doerner-Hoskins or logarithmic
fractionation, then analysis of the whole Ehenocryst and nearby groundmass
will give a false partition coefficient dPR=9M expressed by

D
q=_1-F C (22)

FD-1(1-F)

where only mineral ph is crystallizing, with true partition coefficient D
(or DPh-gm);

D
WR
or a = 2 . 1-F (23)

Dyr r (Dyr-1) (1-F)
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where Dygr is from equation 4, for the case where several minerals are
crystallizing. The difference between the false and true values can be
very great. For example, if the true coefficient is 5, then application
of equation 22 with 50 per cent crystallization would give an apparent
phenocryst-groundmass partition of 31.

These and related diffusion-controlled effects have been studied
theoretically by Albarede and Bottinga (1972). L.H. Haskin has pointed
out in several papers (e.g. Haskin et al., 1970), that the apparent co-
efficient between two coexisting zoned phenocryst species, e.g. dphl-ph2
will equal the true value pphl-ph2 = from equation 23, but for this to be
true it is necessary to know that the two minerals began and ended cryst-
allization at the same times.

Probably the second greatest failing of D-values obtained from
the phenocryst-matrix principle is however that it is seldom certain that
the phenocrysts formed from the portion of the magma now seen as the
adjacent groundmass: this factor is particularly critical when treating
cumulate-trapped liquid fractionation (e.g. Maaloe, 1976).

There are a number of other drawbacks to measuring D-values from
natural minerals, but space does not permit a complete discussion.

TABLE 2. Some Measured Partition Coefficient Ranges
DEPX‘“ 0.00045-0.7
phb-2 0.1-8.0
Ba
pl-L
Dy 0.055-4.2
bio-%
DRb 0.7-5.75

To conclude the discussion of D-value variation, Table 2 records
some ranges, culled from the available literature in recent years. All
the values came from reputable laboratories and there is no reason to sus-
pect gross errors of measurement. The liquid phases were in all cases
silicate melt or magma, but varied considerably in bulk composition. It
is clear that (a) there is no such thing as constancy in D-value for a
trace element, (b) the effects of bulk composition, P, T and measurement
problems must be given further attention, if partition coefficients are to
be used effectively in petrological modelling. It must be added, however,
that usable values are nevertheless available for some elements, provided
that temperature and bulk composition is specified.

202



A Generalized Theory

The variability of partition coefficients outlined in the preced-
ing sections makes a generalization of the theory presented at the beginn-
ing rather necessary. We may assume that the melting proportions pf also
vary, at least initially.

Using the symbols in Table 1, mass-balance and the partition
principle establish that (as in Shaw, 1970, and following the approach of
Greenland, 1970)

for the trace element of interest. This is the basic equation from which
equations 5-13 are derived. S is used rather than F to avoid integration
problems. If we now accept that variations in p€ and DE~% (see equation 8)
can be expressed as functions of the degree of melting (S or F), which for
convenience may be written as p€(S), Df(S), we may use equations 8, 24 to
obtain

S

n c/c, = I I d8/[Dg-(1-8)2p€(8)DE(S)] (25)
| 1

Integration of equation 25 requires explicit knowledge of the
functions p€(S) and D®(S) and the mathematics can be troublesome: solutions
for an analogous expression have been given by Hertogen and Gijhels (1976).
A solution which is realistic in many cases is to accept that the p€ are
constants and that the partition coefficients are linear in S:

e.qg. DE(S) = uf + v&s
If then we write U = épsue, v = Ip®v® and
. €
T = 4V(Dy - U) - (U - V)2

the solution to equation 25 becomes:

¢n c/cy = %T- [tan'l(zvs + U - V)//T - tan"L(u + v)/v/T] (26)

The individual user must decide whether the uncertainties in assumptions
warrant using expressions such as equation 26.

Another factor necessary in a generalized theory is incongruent
melting, which is the rule rather than the exception in many rocks under-
going anatexis. The equations derived by Hertogen and Gijghbels (1976)
appear ambiguous and an alternative formulation has been proposed (Shaw,
in press). :

Choice of Phases for Melting Models

" Another critical factor in the development of models for trace
element behaviour during anatexis is the modal composition of the hypoth-
etical initial rock.
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Most models start with eitheér mantle or crustal rocks, although

other materials such as deep ocean sediments may play a role. For mantle
melting the usual source materials are spinel, olivine, orthopyroxene,
clinopyroxene, garnet, amphibole, phlogopite and plagioclase: for crustal

anatexis more siliceous rocks are taken, containing quartz, plagioclase,
K-feldspar, amphibole, pyroxene and micas. All these phases except quartz
are more or less complex solid solutions, whose compositions determine not
only the initial bulk composition but also affect (as seen above) the
partition coefficients of trace elements as melting starts. The choice of
such compositions and coefficients determines profoundly the composition

of the resulting magmas. It should hardly need adding that there is little
reason to believe the mantle to be at all homogeneous in lithology, let
alone the crust, and models will therefore of necessity be too simple.

Additional problems arise with accessory phases and volatile
phases.

To illustrate the first of these consider the ubiquitous
accessory, apatite. In the Albtal granite already considered (Fig. 9),
Puchelt and Emmermann (1976) report that apatite makes up only 1 per cent
of the rock, but contains 27 per cent of all the REE present and shows a
marked negative Eu anomaly. The whole rock analysis also shows a
(smaller) negative Eu anomaly. If the apatite had not been analyzed it
might have been concluded that the whole rock anomaly resulted from the
parent magma being depleted in Eu as the consequence of earlier crystall-
ization of feldspars, whereas the depletion may in fact reflect prior
crystallization of apatite. Which of these (if either) is true is beside
the point, which is that interpretation of REE behaviour in this granite
would be different if the apatite had not been considered. Analogous
considerations apply to melting.

Another aspect of this example is that Puchelt and Emmermann
(1976) show that the REE fractionation pattern of apatite (from different
rocks) varies considerably, some specimens showing marked enrichment of
LREE compared with HREE. In a melting model involving apatite the variety
chosen would strongly affect the REE distribution in the resulting magma.
These effects would be more important still in melting a peridotite, whose
major phases contain lower REE abundances than in a granite.

The importance of accessory minerals thus lies in the fact that

they are commonly enriched in certain rare metals: e.g.
chromite Cr, Ni, 2Zn, Ir
zircon Zr, Hf, U, Th
rutile, sphene | Ti, REE, U, Th, Nb, Ta
sulphides Ni, Co, Pb, Zn, Cu
aﬁatite P, REE
allanite REE
opaque oxides Cr, Ni, Co, V

Rarer accessories such as monazite, xenotime, etc., may also be
Present. ‘

The other choice, as mentioned above, is whether the anatexis will
involve a fluid (volatile-rich second liquid); this is important in (at
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least) two ways. The first is the obvious one, namely that fluids deter-
mine phase stabilities in various ways. Apart from the fact that this will
influence the choice of major mineral phases in the model, e.g. amphibole
is unstable at pressures greater than 10 to 18 kb (Green and Ringwood,
1970; Lambert and Wyllie, 1970), the abundance of fluid also determines the
melting behaviour. In the melting of dry or water-deficient granodiorite,
biotite will probably be the first phase to melt (Fig. 11), whereas if
excess water is present K-feldspar will be the first to go: owing to the
different K/Rb ratios of these two minerals the resulting magmas, and

rocks later formed from them, may,bear the imprint of these differences.

: A second way in which a
P =2 Kbs fluid phase is important is as a

TOTAL WATER IN THE SYSTEM

transient solution, holding some
proportion of each element in the
system. This additional phase
differs from the other phases pres-
ent in being less dense, less vis-
cous and more volatile, so allowing
a variety of possibilities for
influencing trace element fraction-
ation. A full theoretical treat-
ment is impractical here, but a
simplified approach will illustrate
the possibilities, having in mind
the subduction of wet sediments into
- a zone of anatexis.

©0

o

o
93

pl+hb+L+V

Suppose a mass of WS g of
residual solids to be in equilibrium
bt+pl+hb+LsV ] with w4 g of silicate melt, so that
) for the trace element of interest
we have, as usual

TEMPERATURE °C

2*hi+p[+hb+L+
700 -7 solidus | cS = pSicL

or+qz+bt+pl+hb +V where DS% is the bulk partition

600 1>\ . coefficient. If we now add to the
or+qz+bt+pl+hb system WE g of fluid, for which the

a | | 1 bulk partition coefficient is DSE,
0 2 4 6 the concentration in the silicate

GRANODIORITE magma will change to cL, assuming

equilibration. If we write WS/W
WATER ABOVE THAT IN GRANODIORITE y, WE/W' = z, then

EE Dsf(stl + 1)
Fig. 11. Interpretation of phase L s 4 pSE(yps? + 1
stabilities during the melting of a ¢ zD D™  (y )
granodiorite (no. 766-H20) in the
presence of various relative amounts

of water (Robertson and Wyllie, 1971, cl _ yDS2 + 1

Fig. 4). The differing behaviour of ©°F T = ) ST (27)
biotite and K-feldspar could affect c zD + yb + 1

the K/Rb ratios of anatectic melt. £0 )

since DSf/DSR = D7,

‘Rather few values of solid-fluid, magma-fluid partition coeffic-
ients are known. However, experiments by Cullers et al. (1973) and
Zielinski and Frey (1974) suggest that the REE are much more soluble in
silicate melt than in (coexisting) water, in fact about two orders of mag-
nitude more so than Rb (Beswick, 1973). Suppose for example we consider the
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modal melting of a granodiorite consisting of two ‘feldspars, quartz and a
little biotite and hornblende. Using solid/magma partition coefficients
from the literature for Rb and La, together with fluid/magma coefficients
from the authors just quoted, we may use the following parameters:

sf s
Dp, = 0.24 Df; = 0.09
£ _ . £9 '
D = 1.03 D, = 0.05

If we now rewrite equation 27, putting the RHS equal to t, we can write

cl = clt

for each element. The concentration ratios may be indicated by R |

R = C%b/cia and

_ L L

r = cRb/cLa
and then we have

R = rtRb/tLa (28)
Remembering that y = (1-F)/F, equation 28 has been evaluated for different

proportions of melting and three arbitrary values z equal to 1/10, 1 and
10 times the mass of liquid.

TABLE 3. Calculated Changes in Rb/La ratio R/r resulting from
equilibration of a partial melt with water.

trp/ tLa
F
z=0.1 z=1 z=10
0.1 .96 .77 .30
0.3 .95 .63 .19
6.5 .92 .57 .16
0.7 .92 .54 .14

+
n

calculated concentration ratio in the )
(equilibrium) hydrous melt relative to dry melt.
mass fraction fluid relative to melt.

N
]
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Two conclusions may be drawn from the results in Table 3. First
of all, for a given 2z, the effect of different degrees of melting is not
great: however, it should be borne in mind that the mass of fluid phase
required in this model is proportional in each case to F. The second and
more interesting conclusion is that for any F, increasing amounts of water
decrease the concentration ratio markedly, attaining between 4 and 7 times
decrease when the mass of water attains 10 times the mass of magma, comp-
ared with the dry system. This effect arises of course from the marked
difference between Df? for the two elements, and is valid only so far as
the values chosen may be accepted as realistic.

If in fact the DfQ values are realistic, then ratios such as Rb/La
might give information as to whether an anatectic magma was wet or dry.

Another model of obvious importance would include a relatively
large mass of fluid phase at the onset of melting, thereafter disappearing
to leave an already modified solid rock to undergo dry melting. This and
other possibilities cannot be elaborated here (see Shaw, in press).

Phase Petrology Controls on Melting

The foregoing theory has mostly accepted implicitly the propos-
ition that anatexis may be described in terms of a mathematically contin-
uwous function of F, the liquid fraction. This was because attention was
focussed on trace elements, rather than major elements or the minerals
which they form.

But the fractional melting of minerals, or their assemblages, may
be a discontinuous process: after an initial (nearly isothermal) melting
step, the further supply of heat may cause temperature to rise without
further melting, until another invariant point is encountered, permitting
melting to recommence. Such interpretations are not new, and follow
directly from phase diagram topology (e.g. see Presnall, 1969). Depending
on the solid solution relations and phase petrology of the particular
system being considered, the first melting episode (ab, Fig. 12) may be
nearly isothermal, yielding the same liquid composition from widely vary-
ing proportions of starting minerals: this is probably the reason why mid-
ocean ridge basalt tends to have a globally uniform composition although
the mantle source rocks are unlikely to be very uniform.

The first melting step ends upon exhaustion of one of the phases,
whereupon the system has lost one of its effective components, the temper-
ature is now below the solidus for the remaining components, and must rise
to ¢ (Fig. 12) before a new solidus is encountered and melting recommences,
with a different composition. This behaviour is paralleled in practice,
in rock-melting experiments, as shown in various studies by P.J. Wyllie
and his colleagues, e.g. Fig. 13 (Robertson and Wyllie, 1971).

The major application of these considerations to trace element
behaviour is to impose the restriction that the mineral proportions melt-
ing, the pf, may not be chosen arbitrarily. They must in fact be chosen to
conform as closely as possible to the known phase petrology of the system.

A second consequence is that the pf are nearly constant durina a melting
episode, and their variation in expressions such as equation 25 may oftén
be ignored.

A final point in this connection is that the behaviour of access-
ory minerals may be of great importance in relation to the petrology of
melting. Very little is known about this subject, except that Rosenbusch's
rule (that euhedral crystal shape indicates early crystallization or late

‘melting) is unreliable. Evidence from partially fused granulite and
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discontinuous melting,
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and anorthosite inclusions in lavas
from Kilbourne Hole, N.M., shows
enrichment of P (melting of
apatite?) in glass (E. Padovant,
pers. comm.), and it would be of
great interest to know whether
apatite melts early in peridotites:
this is implied by O0'Hara (1976) who
points out that incompatible trace
elements (i.e. for which D < 0.01)
will be extensively liberated during
the first one per cent melting of
lherzolite. Of course small amounts
of accessory minerals which melt
early will only be diluted by sub-
sequent melting. Of greater import-
ance are accessory minerals which
persist throughout a considerable
melting interval (e.g. phlogopite,
kaersutite, spinel): effects of
this on REE behaviour have been dis-
cussed by Sun and Hanson (1975).

Zone-Refining

In the industrial process
which bears this name, metals for
which DS-% < 1 become enriched in a
zone of localized melting, as this
zone of width h is made to pass
along a rod of length t, traversing
n (= t/h) zone lengths. The total
enrichment is expressed by the final
liquid relative concentration, c?/cq
where

1 Dn

c? = co [5+ (1 - %)e_ 1 (29)

the first term in the RHS parenthes-
es expresses the equilibrium part-
ition, and the second is the added,
cumulative effect of the refining
process. This process has been
considered to be important in mantle
melting by Harris (1957), Vinogradov
and Yaroshevsky (1965) among others.

It is not immediately clear
that zone refining is relevant to
models for anatexis. In the deep
mantle it may well be a valid mech-
anism for enriching some trace

< Fig. 13. Melt percentage as
function of temperature in experi-
mental anatexis of several rocks
(Robertson and Wyllie, 1971, Fig.
7).



elements in the interstitial melt persisting in the sub-lithospheric low-
velocity zone: for if this interstitial melt be continually re-equili-
brated with solids brought by convection from below, then the conditions
for zone refining have been met. At higher levels the effect has often
been invoked to describe the effect of an ascending silicate magma on its
walls. As the magma rises along a conduit it will move down a thermal
gradient: if it is dry, the pressure release will move the system further
above the solidus and if the magma has entrained some of its source-rocks
further melting may take place; if it is wet, volatiles will achieve
saturation then second boiling will ensue until either the pressure release
has been compensated or the system becomes solid with interstitial fluid.

In the second case the magma has little opportunity to incorporate
material from wall-rocks, but in the former situation an ascending dry
magma could melt appropriate wall-rocks, thereby enlarging its conduit and
of course its mass. Those wall-rocks further away, beyond the supply of
adequate heat for melting, might nevertheless supply any H»0 and CO2 which
they contained to the unsaturated magma: such a volatile fluid, if prev-
iously equilibrated with the wall-rocks, might then add to the magma's
stock of the more soluble trace elements, perhaps the alkalis for example.
The effect of these processes would depend greatly on the flow rate of
rising magma, and heat diffusion rate into the wall-rock. It is clear that
the effects are very small for many near-surface volcanic effects, or
otherwise we would not find continental plateau basalts to have such
similar compositions all over the world, after traversing the continental
crust before effusion. At mantle depths more interaction is to be
expected.

But these processes are not zone-refining, in which the essential

element is a cyclicity, where solids repeatedly equilibrate with liquid.
They are better described as wall-rock interaction or assimilation.

Conclusions
| A number of factors have been considered which indicate that we
should regard trace element anatexis models with some suspicion. These
factors may be summarized as follows:
melting may be equilibrated, fractional or disequilibrated;
D-values are functiohs of P, T, bulk composition, f02;
experimental D-values are imprecise;
natural rock D-values are imprecise;
accessory minerals in source rocks are usually ignored;
volatile element influences;
phase petrology (geometric) effects;
zone-refining effects on wall-rocks.
" Questions of a hetefogeneous mantle and lower crust, non-isotopic

T distribution at source and the dynamics of melt separation introduce
further problems.
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It should not, however, be supposed that trace element studies
have therefore no value in solving geological problems, and that the
construction of models should be abandoned. If an acceptable model has
been constructed, using the geological evidence available in a given situ-
ation, then it is always desirable to test such a model with trace element
data - such elements being much more sensitive than major elements to
fractionationing mechanisms. Remarkable successes have been obtained in a
few cases (Skaergaard complex, lunar basalts) in matching trace element
analyses to fractionation models.

In the absence of geological supporting evidence, however, it
appears unwise to construct geochemical models to explain the evolution of
large segments of the earth's crust, often in the remote Precambrian, based
only on a handful of analyses (however precise these may be), an assortment
of partition coefficients as uncertain in quality as a used car, and an
unbending faith in the integral calculus. Geology has not had very much
quantitative theory to apply in the past, so let us use it remembering its
limitations.
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4., GEOPHYSICS OF PARTIAL MELTING

PARTIAL MELT IN REGIONS OF HIGH ELECTRICAL CONDUCTIVITY

T.J. Shankland
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

(Extended Abstract)

In many regions of the upper mantle, notably beneath the major
rift systems and western North America, there exist regions of anomalously
high electrical conductivity, 0.1 - 1 S/m, at depths of 30-300 km. To
interpret such conductivities in terms of conduction measurements on
olivine or pyroxene under mantle conditions would require temperatures
several hundred degrees above the melting points of peridotites or lherzo-
lites. Thus, it is reasonable to model mantle conductivity by treating a
partial melt as an aggregate of a good conductor, the melt, mixed in a
matrix of relatively insulating crystalline material.

The Waff (1974) model, which is functionally equivalent to the
Hashin-Shtrikman (1962) upper bound, can provide a way to calculate the
effective conductivity o* of a partial melt:

- _2
ox = Op + (cs 0?)(1 3 f) (1)
£ s _
1 + 3 (Gs 1)

where f is the fraction of partial melt and og and om are conductivities of
the so0lid and melt phases, respectively. Fig. 1 shows the electrical con-
ductivities used in the model as functions of temperature, T, and pressure,
P. The olivine single-crystal curve at P = 0 comes from measurements of
Duba et al. (1974) on Red Sea Peridot (RSP) and has been multiplied by a
factor of 10 to accommodate the effect of a possible higher oxygen fugacity,
fo,, under mantle conditions. The zero pressure melt conductivity is a
composite of results from Waff and Weill (1975) for a variety of magmas.
Not only are melt conductivities virtually independent of fg_, but they
vary by only a factor of 2 over a wide range of compositionsy as observed
also by RaZ and Manghnani (1977). The effects of pressure in Fig. 1
(Shankland and Waff, 1977) come from plausible values for activation
volumes assuming the high temperature olivine and the melt conduction mech-
anisms to be ionic and the low temperature olivine mechanism to be elec-
tronic (Shankland, 1975). The activation volume AV allows for the effect
of pressure on the activation energy for conduction in the melt; prelimin-
ary results (H.S. Waff, work in progress) are consistent with a value close
to zero, but other values have also been considered. The great contrast
between solid and melt conductivities means that only a small melt fraction
can dominate the bulk conductivity, providing the melt forms a continuously
interconnected phase as the model assumes, rather than isolated pockets.

Evidence for a well-interconnected melt at low melt fractions
comes from laboratory (Unger, 1967) and field (Boudier and Nicolas, 1972;
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in silicate melts (Waff and Weill,
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functions of temperature and pressure;
RSPx10 is the RSP curve of Duba et al.

(1974) multiplied by 10 to allow for
uncertainties of oxygen fugacity in
the mantle. With increasing pressure
the presumably electronic mechanism
having a decreasing activation energy
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olivine.
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Padovani and Carter, 1977) studies.
There is also a self-consistency

argument: if the melt is not sub-
stantially interconnected, then it
makes a negligible contribution to
high conductivity anomalies until

large melt fractions are attained.

A given effective conduct-
ivity in Eq. (1) can be attained at
either a high temperature or a high
partial melt fraction. The 30-kb
curves of Fig. 1 have been used to
calculate effective conductivities
above 0.1 S/m in partial melts as
illustrated in Fig. 2. Additional
petrological information on partial
melting exists; the curve W in
Fig. 2 shows the temperature needed
to yield a given melt fraction in
peridotite containing 0.1% water, as
taken from Wyllie (Fig. 8-20, 1971).
The curves labeled R are taken from
Fig. 4-8 of Ringwood (1975) for wet
and dry pyrolite. ’

The electrical model given
here together with petrological con-
straints allows the assignment of
both a temperature and a melt frac-
tion from the conductivity observed
at a mantle depth; uncertainties
about effects of water content in
the lower crust make it more diffi-
cult to argue unambiguously for
partial melt to explain conductivity
anomalies there. Fig. 3 illustrates
the calculation for a peridotite
partial melt at 0, 15, and 30 kb
(about 0, 50, and 100 km depth).
is seen that temperatures can be
calculated with reasonable certainty
as a result of the stabilizing
influence of the melting curves.
However, melt fraction, f, is more
nearly proportional to ¢* and to op
and therefore is probably uncertain
to a factor of 2 or 3 owing to
uncertainties (a) in field measure-—
ments of o*, (b) in the effect of
pressure on Op, and (c) in water -

It

-

Fig. 2. Lines of equal effective
conductivity o* of a partial melt
according to the upper bound formula

Eg. (1) at 30 kb pressure. Conduct-
ivity data from Fig. 1; melting
- curves W from Wyllie (1971) and R

from Ringwood (1975).
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partial melt as calculated from
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for 0 and 15 kb. Uncertainty
in the water content of differ-
ent mantle regions leads to
uncertainty in the melting
curves and therefore of tem-
peratures inferred from
conductivity. (b) Melt
fraction in a zone of anom-
alous mantle conductivity as
inferred from the conduct-
ivity model. Curves W and R

use melting curves of Wyllie
(1971) and Ringwood (1975)
while SPH is based on data

by Scarfe et al. (1972).

"1972) or under shields

content in the mantle. 1In principle,
however, the model is capable of
improvement as these uncertainties
decrease.

Conductivities above O.l(S/m

“are seldom obtained at shallow mantle

depths on either a global scale (Banks,
(Kurtz and
Garland, 1976). However, as Gough

(1974) and Garland (1975) have pointed
out, high conductivity anomalies in the
mantle are found under the major conti-
nental and oceanic rift zones of the
world, under hot spots like Yellowstone,
and under much of western North America.
This model affords a powerful technique
to estimate temperatures and the present
extent of partial melting in these
zones. As seen in Fig. 3, the measured
anomalies in the range of 0.1 to 1.0 S/m
imply very substantial melt fractions.
As a practical application, estimations
of the geotherm using the model and
further conductivity mapping should
assist in improved mapping of geothermal
resources.
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Electrical Conductivity of Basalts to 1550°C

C.S. Rai and M.H. Manghnani
Hawaii Institute of Geophysics
University of Hawaii
Honolulu, Hawaii 96822

Abstract

Using the loop technique (Waff and Weill, 1975), the a.c. elec-
trical conductivity o of ten Hawaiian basalts (tholeiitic, alkalic and
nephelinic types), has been investigated in the temperature range 500-
1500°C under known oxygen fugacity environments. Below the solidus temp-
eratures, 0 increases monotonically with 1/T, and at a given temperature
alkalic basalts are most conductive and nephelinic least conductive. Pre-
monitory decreasesin ¢ observed before melting are probably caused by
cracks formed by thermal stresses. The basalt ¢ values jump by 1 to 1 1/2

orders of magnitude during the melting interval (v 200-250°C). At T >
1200°C, the melt o values for the basalts investigated fall in a narrow
range, within half an order of magnitude. The ionic conduction in the lig-

uid phase is found to be controlled principally by silica and alkali cont-
ents, ZM2+/ZM+ ratio, and to some extent by femic content. The ¢ values
decrease with silica content and increase with the other parameters.

Introduction

High-conductivity anomalies observed in geomagnetic soundings of
the upper mantle in the western United States (Porath and Gough, 1971)
invoke temperatures significantly higher than those deduced for an olivine
model using laboratory data on the electrical conductivity of olivine at
high temperatures reported by Duba et al. (1974). Measurements of the
electrical conductivity of basalts through the melting interval (e.g.,
Watanabe, 1970; Presnall et al., 1972) show that on melting the conductiv-
ity of basalt increases by one to two orders of magnitude. The conductiv-
ity of basaltic melts above liquidus temperatures is about 3 to 4 orders of
magnitude greater than that of olivine in the temperature range 1200-
1550°C. On this basis, the observed high-conductivity anomalies in the
upper mantle have been attributed to partial melting, especially when the
depths of these anomalies match low seismic velocity zones and the conduc-
tivity structure strongly correlates with heat flow (Porath, 1971; Chan et
al., 1973; Gough, 1974).

Recently, Shankland and Waff (in press), in the spirit of Waff's
(1974) theoretical approach, have explained anomalously high electrical
conductivity zones (> 0.1 mho/m) within the upper mantle by partial melting
of peridotite. Their calculations for the model consisting of basalt melt
in a mainly olivine matrix show that accurate estimation of temperature and
degree of partial melting depend critically not only on the amount of water
and volatiles present in the mantle, but also on other factors, such as
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geometry and wetting, that influence the bulk electrical conductivity of
partially melted mantle rock. Nevertheless, knowledge of the two input
parameters =-- conductivities of the solid and liquid phases =-- is essential
for testing such theoretical models.

The purpose of this paper is to report the electrical conductivity
of ten basalts, in the temperature range 500°C-1550°C under known oxygen

fugacity environments, and to discuss the results in terms of the chemical
variations. g

Experimental Methods

Rock Samples

Electrical conductivity of ten Hawaiian basalts (3 tholeiites, 5
alkalic basalts, and 2 nephelinic basalts) have been investigated. All the
ten Hawaiian basalts (C-series) were kindly provided by Professor G.A.
Macdonald; their chemical and normative analyses have been reported by
Macdonald and Katsura (1964) and Macdonald (1968). Table 1 lists the
chemical analyses of the ten basalts employed in this study.

Electrical Measurements

The loop technique employed by Waff and Weill (1975) was used for
measuring the a.c. electrical conductivity of the rock samples to melting
temperatures and above. The powdered sample was mixed with acetone and
made into paste which adhered inside the periphery of an open-ended
circular loop, approximately 7 mm in diameter, made from 0.64 mm-thick 80%
Pt-20% Rh wire. The other end of the loop wire was bent perpendicular to
the plane of the loop to lend vertical support. The loop acts as one
electrode; the other electrode consists of a straight 80% Pt-20% Rh wire of
0.241 mm diameter, centrally located inside the loop. Outside the loop,
the central wire is supported and insulated by an alumina tube. Four such
loop assemblies are attached to an alumina tube which is placed in a high-
temperature furnace. The loops were heated to 1500°C and then cooled slow-
ly to room temperature. The process was repeated twice in order to obtain
homogeneous starting samples. The atmosphere surrounding the samples in
the furnace was controlled by maintaining a constant flow of a mixture of
CO02 and H2 (87.6% COp and 12.4% Hp, by volume) in the entire range of tem-
perature (500-1550°C). This mixture provided a variation in the fy, values
from 10-6 to 1500°C to 10-23 at 500°C, based on the tables of Deinés et al.
(1974). The line representing the oxygen fugacity versus temperature in
our experiments falls close to that denoting the wlstite-magnetite trans-
ition (Nitsan, 1974), between the oxidation and reduction lines for olivine
(fog9p), as shown in Fig. 1. Temperature of the specimen was measured by
means of Pt-13% Rh thermocouples, sheated in alumina tubing and placed
adjacent to the specimen. The thermocouples were calibrated against the
melting point of gold (1064.4°C).

The resistance of the sample was measured at 500 Hz with a phase-
sensitive lock-in amplifier (Princeton Applied Research model HR-8) which
enabled maximization of the signal-to-noise ratio and elimination of the
unwanted polarization effects. The resistance values were converted to
conductivity values by geometric scale-modeling (Waff, 1976). The
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TABLE 1. Chemical Analyses* of Basalts
Basalts
1 2 3 4 5 6 7 8 9 10
Tholeiitic Alkalic Nephelinite
Thol. Alkalic Alkalic
Olivine Olivine Olivine Olivine
Basalt Thol. Thol. Hawaiite Basalt Basalt = Mugearite Trachyte Nephelinite Basanite .
(C-50) (C-214) (C-8) (C-42) (C-222) (C-70) (C-210) (C-128) (C-195) (C-90)
S5i0; 46.81 50.15 50.98 45.88 46.54 47.48 51.80 60.85 38.92 40.66
Al1203 14.50 12.84 15.13 16.39 13.95 17.42 17.07 18.51 12.25 10.57
Fe;03 2.45 2.52 2.48 3.39 3.16 3.59 3.12 3.10 5.33 2.95
Fe0 8.98 9.36 7.55 10.00 9.97 8.10 6.93 2.08 7.88 9.74
Mg0 10.66 9.29 8.15 5.92 9.40 6.74 3.10 0.58 12.95 15.75
Ca0 8.96 10.37 9.01 8.90 10.74 8.54 6.01 1.77 13.21 11.37
Na20 2.21 2.10 2.22 3.30 2.69 3.12 5.78 7.20 3.92 1.48
K50 0.57 0.40 0.30 1.02 0.87 1.20 2.23 3.60 1.26 0.49
P05 0.40 0.25° 0.26 0.59 0.29 0.36 1.54 0.29 1.11 0.36
Cry03 -- -- -- -- -- -- -- -- -- --
Ti0, 2.69 2.05 2.11 3.83 2.25 2.63 1.95 0.65 2.62 2.28
MnoO 0.16 0.17 0.19 0.18 0.16 0.18 0.22 0.27 0.20 0.19
NiO -- -- -- -- -- -- C-- -- -- -- .
Hyo* 0.97 0.41 0.94 0.29 0.41 0.40 0.48 0.47 0.33 - 2.52
H,0" 0.45 0.31 0.49 0.24 0.24 0.22 0.41 0.42 0.38 1.65
Total 99.81 100.22 99.81 99.93 100.67 99.98 100.64 99.79 100.36 100.01
* Sources of analyses: Basalts 1, 3, 4, 6, 8, 10, Macdonald and Katsura (1964), samples donated

by G.A. Macdonald; basalts 2, 5, 7,

9, Macdonald (1968), samples donated by G.A. Macdonald.
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Fig. 1. Stability field of olivine
with respect to oxidation and reduc-
tion at l-atm. total pressure. The
dotted line represents the oxygen
fugacity at various temperatures in
our experiment. I - iron, W - wust-
ite, Q - quartz, F - fayalite and
M - magnetite (Nitsan, 1974).
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measurements were made during both the heating and cooling cycles, at
intervals of about 50°C. The heating/cooling rate was 300°C/hour. An
interval of -about 15 min was allowed between reaching a temperature and
making the measurement. It is recognized that total equilibration of the
sample with the atmosphere in the furnace did not occur during this

15-min interval. Durations of the order of several hours or days are
required for reaching equilibration for Fe3+*/Fe2+ (Presnall et al., 1972).
The percentage of glass in the sample after making the run was estimated by
examination of a polished section in reflected light.

Results and Discussion

Fi~ures 2, 3, and 4 show the temperature dependence of the conduc-
tivity  of the tholeiitic, alkalic and nephelinic basalts, respectively.
The melt o values, measured during both heating and cooling cycles, were
reproducible within + 1% in the case of all the basalts except for nepheli-
nic basalts and a tholeiitic olivine basalt (C-50). 1In the latter cases
the values were slightly higher for the cooling cycle. Below ~ 900°C, the
o values for the cooling cycles for all the basalts are lower. For clarity
here only the measurements taken during the heating cycles are presented
in the figures. The previously published log ¢ versus 1/T curves for a
synthetic basalt of tholeiitic composition (Presnall et al., 1972) (denoted
by P) and an olivine basalt (Watanabe, 1970) (denoted by W) are also shown.
Below 1100°C, the W curve falls between the curves representing the com-
pletely crystalline (lower P) and predominantly glassy (upper P) curves for
the synthetic tholeiitic basalt reported by Presnall et al.

Conductivity of basalts below melting temperatures. The relation
of log 0 to 1/T for the Hawaiian basalts is somewhat curvilinear; in most
cases, the negative slope of the line first increases with increasing
temperature in the 600-650°C range, and then decreases at ~ 800°C. Just
below the solidus temperatures (< 1050°C), a premonitory decrease in o is
observed in most basalts, particularly in tholeiitic basalts. Schloessin
(1976, and to be published) has also reported premonitory decreases in o
during the melting of mid-oceanic ridge basalts and has proposed three
possible reasons: (1) formatlon of isolated melt pockets, {(2) latent heat
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Fig. 2. Log o versus 1/T
for the three tholeiitic
basalts. The values in brack-
ets are the estimated percent-
ages of the glass content.

The data and the curves shown
are for the heating cycles
only.

Fig. 3. Log o versus 1/T
for the five alkalic basalts.
The values in brackets are the
estimated percentages of the
glass content. The data and
the curves shown are for the
heating cycles only. The
insert in the upper right
corner shows the curves in
detail between 1050 and 1250°C
and the liquidus temperature-
for each basalt.
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electronic in the solid to ionic
in the melt phase. Of the three
possibilities, the last one
seems most reasonable. From
theoretical consideration (Waff,
1974), the o of a solid-liquid
matrix, in which 01jquig >
Ogsolidr Will be higher than the
o of the solid phase for any
geometry of the melt. Hence,
possibility (1) cannot apply.
Concerning the second
hypothesis, we believe, the
question of the latent heat
effects should not arise.
Because heat capacity of the

| furnace is high, and because an
Nesbeinte (30 appreciable time interval is

Basante [20) allowed between temperature
increase and the measurement,
the difference in the tempera-
tures of solid and liquid phases
would be negligible.

Log o (mho/m)
T

: o -1 . The present results
1000/T, “K suggest that the observed pre-
monitory decrease in ¢ is time
Fig. 4. Log o versus 1/T for the dependent and also depends on
two nephelinic basalts. The values the rate of heating/cooling and
in brackets are the estimated on the composition of the rock.
percentages of the glass content. ' During the heating cycle, for
The data and the curves shown are - the same rate of heating (300°C/
for the heating cycles only. hour), the decrease is most
' pronounced in the tholeiitic
: basalts and least in the
nephelinic basalts. The premonitory decrease is least pronounced in basalt
samples which are either predominantly glassy (trachyte, mugearite) or
crystalline (nephelinite, basanite) (see Figs. 3 and 4). During the cool-
ing cycle, the premonitory decrease in o is dependent on the rate of cool-
ing -- the lower the cooling rate the less conspicuous the decrease;
although cooling curves are not shown in Figs. 3 and 4 the decrease is
more pronounced in the alkalic basalts and least in the nephelinic basalts.

.Fig. 5 shows the time dependency of the conductivity of mugearite
‘and trachyte. During the heating cycle, the premonitory decrease is
observed for mugearite but not for trachyte. During the cooling cycle, in
both cases, the sample was held at 950°C, presumably below the solidus
temperature, for 63 hours. As a result of devitrification of the glass,
the conductivity of mugearite and trachyte is found to decrease about 2 -
and 2 1/2 orders of magnitude, respectively. Below 950°C the log o versus
1/T relationships follow closely but slightly above the lower P curve.

In view of these observations, it appears thathremonitory
decrease in o is probably caused by one or a combination of the two

factors: (1) formation of cracks due to thermal stresses during the heat-
ing cycle (the number of cracks depending on the rate of heating and the

ratio of glassy to crystalline phases present). A higher heating rate will
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— \ \\ Al . o Flg 5. .
b b 5 *e © _-Trachyte i
o (N e« © ‘ The variations in o of
o !\ N ' ° basalts, at a given temperature
-l PN Ny ooe o 1 (Figs. 2, 3, and 4), seem to be
| N ~ *. ° related to differences in their
\ i\ S\ . chemical composition and glass
\ N S e ° content -- the higher the alkali
ol NN {x . Mugearite ° 4 (Na20 + K20) and glass contents,
%@“x . * the greater the o. In general,
AN N . the conductivities of the alkalic
PCQ} W, . basalts below the solidus temper-
, A , N L ! ) atures are highest (Fig. 3) and
—05 o7 09 LI 1.3 15 are, at a given temperature,
" about an order of magnitude
1000/T, °K greater than that reported for a
) predominantly glassy tholeiite
Fig. 5. Time dependence of the varia- (upper P curve); the conductivi-
tion of o with temperature for the two ties of the two nephelinic ba~
alkalic basalts. salts are lowest (Fig. 4) and fall

slightly below the upper P curve.
On the other hand, the conductivities of the three tholeiitic basalts are
intermediate and are close to the upper P curve (Fig. 4).

Conductivity of basalts to melting temperatures and above. The
approximate liquidus temperatures of the basalts, calculated from chemical
composition (Tilley et al., 1967), are indicated in Figs. 2, 3, and 4.

The slope of the log o versus 1/T curve decreases notably with increasing
temperature in the vicinity of the liquidus temperatures. The temperature
range of melting, estimated from the reported solidus and liquidus temper-
atures for tholeiitic and alkalic Hawaiian basalts (Yoder and Tilley, 1962),
is approximately 200°-250°C. The o of basalts, following the premonitory .
decrease, increases very rapidly -- by 1 1/2 to 2 1/2 orders of magnitude
-- during the melting range. Such a sharp increase is probably due to ion-
ic conduction in the liquid phase formed above solidus temperatures (Waff,
1975). It is interesting to note that the order of increasing ¢ for the
basaltic melts is reversed as compared to the trend found below melting
temperatures. The conductivities of nephelinic basalt melts are the high-
est and of alkalic basalt melts the lowest, just the opposite of what was
observed in the solid state. The reversal in the order of increasing o
might not occur if the curves in the solid state were for completely glassy
material. Fig. 6 shows the o of basalt melts in more detail. Even for
such a wide range of chemical composition, the melt conductivities at any
temperature are within half an order of magnitude. The log conductivity
varies linearly with reciprocal temperature for alkalic basalts (Arrhenius
behavior) and curvilinearly (slope decreasing with increasing temperature)
for tholeiitic and nephelinic basalts (non-Arrhenius behavior). The app-
arent activation energies E, of melts as a function of temperature, cal-
culated from the Arrhenius equation ¢ = o5 e e~Eo/ T, are shown in Fig. 7.

~
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approximately independent of temperature. Nephelinic and tholeiitic ba-
salts have relatively higher zM2+/gM* ratio than the alkalic basalts
(Table 2). Waff and Weill (1975) also noted that melts with high IM2+/3m+
ratio depart from Arrhenius behavior, and have explained this on the basis
of polymerization of the melts. !

Composition dependence of melt conductivity of basalts. Relative

atomic and cation concentrations, based on Niggli's scheme (¥NigglZ, 1954),
for the basalts are given in Tables 2 and 3. Fig. 8 shows that alkali

(Nap0 + K»0) content increases with increasing Si02 content in these rocks.
The composition dependences of log ¢ (at 1400°C) are shown in the four
plots in Fig. 9. The data for the five basalts reported by Waff and Weill
(1975) are also included in the plots As seen, 0 increases with increas-
ing Mg0 and Ca0 and decreases with increasing SlO and alkali (Na20 + K50)
contents. The latter observation -- decrease in 0 with 1ncrea51ng alkali
content -- is misleading. The o should increase with increase in alkali
content if the other constituents remain the same (Waff and Wetll, 1975);
however, in the present case, because Si0 content increases with alkali
content (see Fig. 8) and because the effect of increasing Si0y content is
to decrease o0, we find an apparent decrease in o with an increase in
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TABLE 2. Relative Cationic Concentration Based on Niggli's Scheme for Basalts

Basalts

No. 1 2 3 4 5 6 7 8 9 10

Thol. Alkalic Alkalic

Olivine Olivine Olivine Olivine

Cations Basalt Thol. Tholeiite Hawaiite Basalt Basalt Mugear. Trachyte Nephelin. Basanite

sidt 44 .1 47.1 48.3 43.4 43,3 44.5 47.9 55.8 35.5 38.8
A13* 16.1 14.2 ' 16.9 18.3 15.3 19.2 18.6 20.1 . 13.2 11.9
Fedt 1.7 1.8 1.8 2.4 2.2 2.5 2.2 2.1 3.6 2.1
Fel* 7.2 7.4 6.2 8.1 7.9 6.6 ° 5.5 1.8 6.2 8.0
Mg2+ 14.9 13.0 11.5 8.4 13.0 9.4 4.3 0.8 17.6 22.4
Ca* 9.0 . 10.4 9.2 9.0 10.7 8.6 5.9 1.8 12.9 11.6
Na* 4.1 3.8 4.1 6.0 4.8 5.6 10.3 12.8 6.9 2.7
K* 0.7 0.5 0.3 1.3 1.0 1.5 2.7 4.2 1.4 0.6
Ti%* 1.9 1.5 1.5 2.7 1.6 1.9 1.3 0.4 1.8 1.7
M2+ 31.1 30.80 26.9 25.5 31.60 24.6 15.7 4.4 36.7 42.0
M7t 4.8 4.3 4.4 7.3 5.8 7.1 13.0 17.0 8.3 3.3

smét 6.5 7.2 6.1 3.5 5.5 3.5 1.2 0.3 4.4 12.7

M
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TABLE 3. Niggli Concentration Numbers for Basalts

Basalts
No. 1 2 3 4 5 6 7 8 9 10
Thol. Alkalic Alkalic

Olivine Olivine . Olivine Olivine : :

Basalt Thol. Tholeiite Hawaiite Basalt Basalt Mugearite Trachyte Nephelin. Basanite
si . 101.8 112.0 123.0 106.9 97.5 110.9 142.0 223.6 69.5 75.1
al 18.6 17.0 21.4 22.5 ;o 17.2 24.0 27.5 40.2 12.9 11.5
fm 55.0 52.9 49.6 46.3 52.1 45.9 35.6 18.8 53.6 62.7
¢’ 20.9 25.0 23.3 22.2 24.2 21.3 17.6 7.1 25.3 22.5
alk 5.5 5.1 : 5.7 9.0 6.5 8.8 19.3 34.0 8.2 3.2
mg 62.7 58.4 59.1 44 .4 56.3 51.1 35.6 16.5 64.2 - 69.1

ti 4.4 3.5 3.8 6.7 3.5 4.6 4.0 1.8 3.5 3.2

Note: si - denoted silica (Si0;), al - aluminous (Al 03), fm - femic (Mg0, Fej0z, FeO, MnO),
c - calcic (Ca0), alk - alkaline (NaZO, K,0), ‘mg - Mg0/fm ratio, ti - titanium (T10,).
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9) is

that trachyte (T) has higher conductivity than the best-fit trend in each

plot.
tent. Similarly,
content and high alkali content,
trend found in Fig. 9b.

Fig. 10.
rocks.

The higher ¢ of trachyte is attributed to its highest alkali con-
the 0 of nephelinite (N), which has very low silica
is appreciably higher than the general

shows the log o versus femic concentration for all the
There is a slight effect of increasing o with femic concentration

but the scatter in the data preclude a clear-cut conclusion about the

effect of femic concentration on o.

It is of interest to investigate the relationship between log o

(at 1400°C) and fM2t/iMt+ (Fig. 1lla).

For basalts there is a systematic
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increase in melt o with IM2+/iM*. The o values for the nephelinite (N)
and trachyte (T) fall slightly above the trend. A comparison of plots on
Fig. 11 shows that the melt ¢ seems to be related directly to IM2+ more so
than to M2+/iM+ or Mt

From the above observations it is apparent that the melt o at a
given temperature is a function of a number of factors such as silica,
alkali, and femic contents and IM2+/IMt ratio which are independent. For
this reason, it is difficult to predict the conductivity of melts from
chemical composition. Data on electrical conductivity of simple melts,
consisting of two or three components, are needed first to simplify this
problem.

Conclusions

The variations in the temperature dependence of conductivity of
basalts are related, below solidus temperatures, to variations in chemical
composition and glass content. Alkalic basalts are most conductive and
nephelinic basalts least conductive. The conductivity of a rock in the
solid state increases with glass content.

The premonitory decrease in o below melting temperature is prob-
ably caused by crack formation due to the thermal stresses developed during
heating. The o values of basalts jump by 1 1/2 to 2 1/2 orders of magni-
tude through their melting, in a temperature range v 250°C.

It is recognized that the heating and cooling rates in our experi-
ments are not sufficiently small for attaining equilibrium between the
solid and liquid phases at melting temperatures.

The rock melt o is a function of a number of interdependent
compositional parameters such as (Naj0 + K30), SiOp, Mg0, and Ca0 contents;
the role of femic content is relatively minor. The melt o values are
highest for the nephelinic basalts and lowest for the alkalic basalts. The
range of the melt o values for all the basalts is less than half an order
of magnitude at any temperature above melting (at 1400°C, o varies from
NV 7 to v 24 mho/m). The alkalic basalts show Arrhenius-type temperature
behavior, whereas the nephelinic tholeiitic basalts behave in non-Arrhenius
manner.

The conductivity of basalt, during the cooling cycle, is found to ‘
be time dependent as a result of devitrification of glass.
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SUBSOLIDUS DEFORMATION MECHANISMS AND
HYPERSOLIDUS CREEP OF PERIDOTITE

Richard P. George, Jr.
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Abstract

Ductile deformation of crystalline materials generally involves
several flow processes that operate at the microscopic or sub-microscopic
level: (1) diffusion of point defects through the crystal lattice and
along grain boundaries (diffusion creep), (2) conservative (non-diffusive)
motion of curvilinear defects through the crystal lattice (dislocation
glide flow), (3) non-conservative (diffusion-accompanied) motion of curvi-
linear defects through the crystal lattice (dislocation creep), (4) move-
ment of arrays of dislocations (grain- and subgrain-boundary migration and
subgrain coalescense), and (5) grain-boundary sliding. The first four
mechanisms can operate independently but probably interact complexly during
natural deformation of silicates. Grain-boundary sliding cannot operate
independently, except for special conditions or special configurations of
grains. During deformation of polycrystalline aggregates in which it
accompanies one of the first four mechanisms, grain-boundary sliding can
accommodate more than half of the total strain.

] The mechanism that causes the highest flow rate will control the
deformation and the resulting textures. Textures diagnostic of diffusion
creep and of grain-boundary sliding are more subtle than and are easily
overprinted by those of dislocation glide, dislocation creep, and grain-
boundary migration (which include the processes commonly referred to as
"plastic flow" and "syntectonic recrystallization"). Consegently,
deformation by diffusion creep and grain-boundary sliding may be more
common in naturally deformed silicates than is generally supposed.

Harzburgite tectonite in the basal portion of ophiolites is
generally considered to be the residuum of partial melting of upper mantle
peridotite. Partial fusion probably affects the relative contributions of
the five flow mechanisms to the overall flow rate of hypersolidus harz-
burgite compared to those of subsolidus harzburgite. The most likely
effect of partial melts, if distributed along grain boundaries, is to aid
diffusion along grain boundaries and thus to promote the development of
"magmatic pressure-solution and reprecipitation" textures. Another likely
effect of grain-boundary melt is to reduce cohesion of grains and thereby
to promote grain-boundary sliding and "magma-fracting”. Dislocation glide
and dislocation creep, the mechanisms currently believed to control the
preferred orientation of crystallographic axes of olivine and the pyroxenes
during subsolidus deformation of peridotite, would be relatively less
important during hypersolidus deformation. Thus, the preferred orienta-
tions of olivine and the pyroxenes produced during hypersolidus creep
would be weaker than or oriented differently from those produced during
subsolidus creep at comparable strains.
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Introduction

Harzburgite in the basal portion of ophiolites and in some non-
ophiolitic alpine-type peridotites is generally considered to be the
residuum of partial fusion of the upper mantle. The high temperatures
attained during partial fusion are conducive to both ductile flow of the
solid phases and crystal-mush flow, in which interstitial liquid accommo-
dates the strain by allowing grain-boundary sliding to occur. Partial
fusion perhaps can perturb intracrystalline flow mechanisms during
penetrative deformation.

Deformation textures produced during high temperature flow of
metals are complexly dependent on several deformation processes. Recent
applications of transmission electron microscopy (TEM) techniques to.
geologic materials indicate that deformation mechanisms grossly similar to
those in metals strongly influence deformation textures in rocks as well.
Not surprisingly, attempts to categorize textures as resulting from either
"plastic flow" or "syntectonic recrystallization" obscure and oversimplify
the microscopic and sub-microscopic processes that control textures, and
may inhibit recognition of other flow mechanisms.

Partial fusion of peridotites generally yields distinctive
textures, termed "pyrometamorphic" by Pike and Schwarzman (1977). My
purpose in writing this paper is to predict the textures that are diagnos-
tic of syntectonic pyrometamorphism, by reviewing known solid-state
deformation processes relevant to the three major silicate phases in
harzburgite (olivine, OL; orthopyroxene, OPX; and clinopyroxene, CPX) and
by suggesting possible perturbations of solid-state deformation mechanisms
during partial fusion.

Terminology: A Caveat

The investigation of deformation processes of rocks has been
approached from several different directions. One unfortunate result is
the development of plastic terminology whose usage differs from one author
to the next. The term "stress" means different things to theoreticians,
engineers, and materials scientists, and its many meanings in the geologic
literature encompass its many meanings in the non-geologic literature: the
stress tensor cj+; the stress deviator (also known as the dev1atorlc stress
or the non- hydrostatlc component of the stress tensor) o; = 044 - 0,
where T is the mean stress (also known as the hydrostatlc stress, litho-
static stress, or confining pressure); the differential stress o -03; the
shear stress (ojp- 03)/2 (commonly written as T1); or the "load" (the excess
of 01 over the confining pressure extant before the load is 1mposed ) .

The term "plastic flow" in the geologic literature is used in two senses
that reflect its different meanings in the materials science and physics
(mechanics) literature respectively: (1) deformation of single crystals
and polycrystalline aggregates by dislocation glide and, for some authors,
by dislocation creep; and (2) deformation that causes permanent change in
shape of a solid without failure by rupture. Dynamic or syntectonic
recrystallization is a type of plastic flow under the second definition,’
but not under the restricted version of the first.

1 Note that imposition of a uniaxial load 0, increases the mean stress

by 01/3, since mean stress = (0] + 0y + 03)/3.

234



Some terms that were borrowed from the metallurgists and ceramists
have been applied imprecisely or inappropriately to rocks. Other terms
had double meanings in the materials science literature when they were
borrowed. Double meanings arise quite naturally, as epitomized in the
development of deformation-mechanism maps by 4shby (1972) and his co-work-
ers. Ashby related submicroscopic processes that are observed directly
with the transmission electron microscope or that are inferred from optical
and electron microscope observations of textures, to theoretical models
that yield macroscopic flow laws.  In turn, the theoretical flow laws have
been related to experimentally-determined macroscopic flow laws (e.g.,
Ashby and Verrall, 1977). One result is that the term "dislocation glide"
can mean either a certain submicroscopic deformation mechanism, or macro-
scopic flow in which the submicroscopic mechanism of dislocation glide
dominates.

Other terms are ambiguous because they describe processes that
are poorly understood. Some of these terms are discussed at appropriate
places in the text below.

Deformation Mechanisms

High-temperature deformation processes can be divided into five
types:

1) diffusion creep

2) dislocation-glide flow

3) dislocation creep

4) movement of arrays of dislocations
5)" grain-boundary sliding

All five types may operate simultaneously, but the process that causes the
highest flow rate will control the deformation textures. Whichever flow
mechanism dominates for a given mineral is a complex function*of tempera-
ture T, pressure or hydrostatic stress G, deviatoric stress oj4, strain
€x1r Strain rate Ekl, partial pressure of water Py o (through ghe effect

of hydrolytic weakening), and crystallographic orléntatlon of the grains
with respect to stress. Early dominance by one flow mechanism may yield

to later dominance by another, if any of the above variables changes during
the deformation.

Each mechanism involves several dependent steps. The slowest step
will be rate-limiting for that mechanism and hence will determine whether
that mechanism is the dominant, texture-controlling mechanism. Typically,
some steps cause net transport of material, whereas others merely accommo-
date the mass transfer mechanism by readjusting the crystal sub-structure
as to allow material transport to continue.

Diffusion Creep

~

Diffusion creep, dislocation creep, and movement of arrays of
dislocations all require volume diffusion (diffusion through the crystal
lattice) and/or grain-boundary diffusion. The term diffusion creep is
reserved for deformation during which material is transported solely by
diffusion of point defects. ,
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Natural crystals contain several types of defects, one type being
point defects. A common type of point defect is a vacancy, in which the
crystal lattice is missing an atom or small molecular complex. When
surface tractions are applied to a crystal, vacancies tend to diffuse N
towards the more compressed faces (or surfaces normal to the axis of maxi-
mum principal compressive stress o0p; see Fig. 1). Their accumulation
causes a net reduction of material at the compressed faces and acts to
relieve the compressive stress. By the same token, the reduction of
concentration of vacancies at other sites in the crystal, and particularly
at crystal faces undergoing extension, will cause a net increase of
material at those sites. The net effect is transport of material from
relatively more to relatively less compressed faces.

Fig. 1. Migration of
vacancies in a stressed
crystal. Direction of
migration of vacancies
(depicted by dotted
squares) 1is shown by small
arrows that emanate from
each vacancy. Accumulation
of vacancies at face normal
to 01 results in net
reduction of material along
that face.

(A) Initial state (B) Final state

. Diffusion creep is limited by the rate of diffusion of vacancies
and by the availability of vacancies (vacancy sources) and of sites to
which to move them (vacancy sinks). Although the interiors of natural
crystals contain thermodynamically stable concentrations of vacancies,
grain boundaries (and subgrain boundaries) are the largest source of
vacancies and also serve as excellent sinks for vacancies, owing to the
"looser" packing of atoms along grain boundaries.

Diffusion creep of an individual crystal in an aggregate entails
no net change in size (volume) of the crystal or orientation of the
lattice. Originally equant crystals become tabular or elongate, with their
short axes parallel to o3 (Fig. 1). Diffusion creep of polycrystalline
aggregates is more complicated for three reasons: 1) A vacancy at the
edge of a grain may shift across a grain boundary to the edge of the
neighboring grain. The shift causes a change in size of both the donor
and the recipient. 1In effect, this shift transfers the location of the
boundary between the two grains; this topic, grain-boundary migration, is
discussed in the section on movement of arrays of dislocations. 2)
Accumulation of vacancies along a grain boundary will create a void, unless
sliding of grains along grain boundaries at high angles to the void closes
it (Lifshitz, 1963; see Fig. 2 after Cannon, 1972). For arrays of poly-
hedra that approximate the shapes of polycrystals, Stevens (1971) and
Gates (1975) calculated that grain-boundary sliding accommodates more than
half of the total strain during diffusion creep! 3) Vacancies in a
stressed polycrystal can diffuse along any of several paths (Weertman,
1968; Elliott, 1973): along cores of dislocations or linear defects in
the crystal lattice, through the crystal lattice (volume-diffusion creep
or Nabarro-Herring creep), along grain boundaries (grain-boundary-
diffusion creep, known as Coble creep in metals) or subgrain boundaries,
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Sense of
grain-boundary
sliding

t— Direction
of vacancy
migration

() : (8) * C(©

Fig. 2. Diffusion creep accompanied by grain-boundary sliding in
idealized stressed polycrystal. (A) Initial undeformed state.
(B) Intermediate state, in which diffusion of vacancies to grain
boundaries opens voids (shaded areas) between grains. (C) Final
state, in which grain-boundary voids have been closed by sliding of
grains along boundaries at high angles to the voids. Lo = original
length of three rows of crystals, center-to-center. ALp = change in
length from Ly attributable to diffusion creep. ALg = change in
length from L, attributable to grain-boundary sliding. Center of mass
of bottom row of three grains remains at same horizon in all three
diagrams. (Modified after Canmnnon, 1972).

or through fluids along grain boundaries and pores. Microscopic textures
are not diagnostic of diffusion paths (EFllZott, 1973). Thus, all of these
paths of diffusion yield geometrically equivalent deformation, which
geologists term "pressure solution and precipitation2" (Elliott, 1973;
Rutter, 1976; Durney, 1976).

The macroscopic flow laws of diffusion creep do depend on diffu-
sion paths, and whether diffusion creep predominates over dislocation creep
consequently can depend on the availability of paths of fast diffusion.
Grain-boundary diffusion is generally faster than volume diffusion (Barrer,

1951), but most rocks are too coarse-grained (i.e., they have too low a
density of grain boundaries per unit volume) for grain-boundary diffusion
to dominate over volume diffusion~-. Possible exceptions are mylonitic

(i.e., very fine grained) peridotites. Diffusion creep, accompanied by
grain-boundary sliding (see section on Grain-Boundary Sliding), might have
produced the distinctive features of "SP" (superplastic) mylonites
described by Boullier and Gueguen (1975) and Gueguen and Boullier (1975)
and discussed further by Twiss (1976).

2 Strictly speaking, diffusion creep is a solid state process; creep by
fluid-phase transport of material along grain boundaries or "magmatic
pressure-solution" is discussed in the section on Pyrometamorphism.

3 In diffusion-creep flow laws, the Newtonian viscosity for grain boundary

diffusion increases as the cube of the grain size; for volume diffusion,
as the square of the grain size (Gittus, 1975, p. 22-23).
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Diffusion creep dominates over dislocation creep and dislocation
glide flow at low stresses, even at low temperatures (Stocker and Ashby,
1973; Ashby and Verrall,.1977). At low temperatures, though, strain rates
for a given stress are extremely low: a rock deformed by diffusion creep
(in the absence of fluids) at low temperatures is unlikely to be noticeably
strained. Furthermore, since flow of the rock by diffusion creep is slow,
it cannot relieve differential stress quickly; at low temperatures,
stresses can build up rapidly to levels that allow dislocation creep and
dislocation glide to dominate. Textures diagnostic of deformation by low
temperature, solid-state diffusion creep are likely to be too subtle to
recognize and probably are commonly overprinted by the more obvious
textures of dislocation glide and dislocation creep.

Grain-Boundary Sliding and Superplasticity

Grain-boundary sliding involves differential movement of grains
that slide past each other along their boundaries. At high pressures,
porosity is forced to remain constant and near zero, and internal deforma-
tion of grains must accompany sliding in order to remove or reduce pro-
tuberances on grain boundaries that inhibit sliding (Xirby and Raleigh,
1973) . The rate of deformation of a polycrystalline aggregate during
grain-boundary sliding is limited by the rate of elimination of the slide-
inhibiting protuberances by dislocation-glide flow, dislocation creep,
grain-boundary migration, or diffusion creep.

Metallurgists describe materials that can deform in a ductile
manner to large strains in tension without fracturing as being
superplastic4 (Gittus, 1975). The term "superplastic" is appropriate to
materials deformed in compression (as in nature and in most rock deforma-
tion experiments) only if the same or analogous deformation mechanisms
operate. Grain-boundary sliding is generally regarded as an important
mechanism during superplastic flow of metals (Edington et al., 1976). The
essential feature of theories of superplasticity developed by Ball and
Hutchinson (1969) and Ashby and Verrall (1973) is the switching of neigh-
bors that grain-boundary sliding allows (Fig. 3). C(Crossland and Wood
(1975) concluded that grains must switch neighbors, as well as undergo
grain boundary sliding and internal deformation, to explain why grain-
boundary denuded zones (Squires et al., 1963) in Mg-.62 wt% Mn alloy that
was extended to large strains are narrower than expected from extrapola-
tions of moderate-strain models of Stevens (1971) and Gates (1975). Twiss
(1976) emphasized that the diffusion-accommodated switching of neighbors
can achieve nearly an order of magnitude more strain per unit of species
diffused through unit distance than can Nabarro-Herring creep.

By its very nature, grain-boundary sliding per se produces no
diagnostic textures (Sehmid et al., 1977), and consequently the study of
superplasticity in geologic materials is in its infancy. Boullier and
Gueguen (1975) proposed criteria for recognizing superplasticity in
specimens of naturally deformed peridotite, anorthosite, and amphibolite,
and Schmid et al. (1977) found many of these criteria applicable to lime-
stone deformed experimentally in the superplastic regime. Textures

Here I am discussing only so-called material superplasticity. Sammis
and Dein (1974) have suggested that transformational super-plasticity
may dominate flow textures in peridotites during the olivine-spinel
inversion.
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o3 Net movement
Sense of 2 of center
grain-boundary of mass
sliding

Center of
mass of groin

(B)Pre-intermediate state

(E) Final state

(D) Post-intermediote state

Fig. 3. Switching of neighbors in
idealized polycrystal during super-
plastic flow by grain-boundary
sliding. Grains 1 and 3 move
towards each other during the
deformation and ultimately become
neighbors. Internal deformation of
crystals accompanies sliding.

characteristic, although perhaps not
diagnostic, of superplasticity are
1) equant grains, 2) very fine grain
size (on the order of ten um), and
3) moderate dislocation densities.
Boullier and Gueguen (1975) suggested
further that superplastic deforma-
tion of silicates destroys their
preferred orientations and prevents
formation of dislocation cells.
(Dislocation cells are described in
the next section.) On the other
hand, Scehmid et al. (1977) measured
moderate preferred orientations and
observed development of dislocation
cells and subgrains in their
specimens of limestone deformed
experimentally, and they therefore
warned that some of the textures
observed by Boullier and Gueguen may
not be generally characteristic

of superplasticity.

Grain-boundary sliding at

high temperatures and pressures is

best viewed as a mechanism that
accommodates other flow mechanisms:
if porosity remains constant, then
grain-boundary sliding necessarily
accompanies both diffusion creep
(LZfschitz, 1963) and dislocation
creepd; otherwise, voids will form at
sites of accumulation of vacancies.

(Modified after Ashby and Verrall, 1973.)

Dislocation-Glide Flow

Mechanisms of flow by the movement of dislocations through
crystals is the subject of extensive description and discussion in the

materials science literature.
texts by Cottrell
Weertman (1964),

Byrne (1965),

For detailed reviews and references,
(1953), Read (1953), McLean (1962),
Kelly and Groves

see
Weertman and

(1970), and Gittus (1975).

Geologists should welcome the recently published text by Nicolds and

Poirier (1976),

Dislocations are curvilinear defects in crystal lattices
There are three types of dislocations:

The edge dislocation can be best viewed as the
an extra half-plane of atoms inserted into the lattice (Fig.

in all natural crystals.
screw, and mixed.

which reviews deformation mechanisms in peridotites.

and occur
edge,
edge of
The screw

S

4) .

5 Grain—boundary sliding need not accompany dislocation creep, in
unlikely event that the Von Mises condition is fulfilled during
(see next section).

temperature creep of peridotite

the
high
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. dislocation marks a line of
Climb directionof Shearing of one plane of
edge component  atoms over another (Figs. 4,
of dislocation 5 and 7). Mixed disloca-
tions are combinations of
edge and screw dislocations.

Edge dislocations
) are strongly associated with
Slip plane of a slip plane, the plane that
edge component contains the dislocation
of dislocation X

line (the edge of the extra

Edge dislocation line half-plane) and the Burgers
vector of the dislocation
(Fig. 4). The dislocation
moves most easily by glide,
in the absence of obstacles.
Glide entails the motion of
the dislocation along the
slip plane. The net effect

Screw dislocation

line Slip direction

Fig. 4. Screw dislocation (lower left) of the glide of one dis-
and edge dislocation (upper right). Climb location through a region
of edge component occurs by diffusion of is to shift or slip the
vacancies to or away from the edge of the upper half of the crystal
extra half-plane (shortening or lengthen- over the lower half by a
ing the half--lane, respectively). distance of one Burgers

vector.

Obstacles to glide include interstitial solutes, vacancies, or
other dislocations in the same slip plane or in intersecting slip planes.
Newly crystallized or annealed crystals have a low density (ca. 106/cm2)

of free dislocations®. 1In such crystals, edge dislocations can glide
freely along their slip planes with little chance of encountering barriers
to glide, especially other dislocations. Small shear stresses can move

the dislocations easily, and so the crystal is relatively weak. As
progressive deformation creates and activates more and more dislocation
sources, the density of free dislocations increases dramatically (to values
of 108 to lOlO/cm2 in experimentally deformed olivine investigated by
Phakey et al., 1972). Dislocations on intersecting slip planes commonly
become ensnarled and form chaotic tangles, some with dislocation densities
greater than 1011/cm2 (Green and Radcliffe, 1972), through which disloca-
tion glide is impossible. The resulting network of dislocation tangles,
which surround areas or "cells" of material that have moderate dislocation

densities, gives rise to "dislocation-cell structure". Since higher
stresses are now needed to move the edge and screw dislocations, the
crystal becomes stronger: it work-hardens.

Flow by dislocation glide is in steady-state only when continued
deformation causes no further work-hardening. Whether naturally deformed
peridotites ever attain steady-state flow by dislocation glide is a moot
point for two reasons: (1) In nature, peridotites are likely to be either
at temperatures high enough to permit the dislocation substructure to ,
recover (see section on Dislocation Creep) or, if at low temperatures, at
pressures too low to suppress brittle behavior (fracturing) at high
stresses. (2) For polycrystalline aggregates to deform homogeneously by

6 Free dislocations are those dislocations that are in the interior of
grains or subgrains and are distinct from dislocations in grain
boundaries and subgrain boundaries. Free dislocations can be either

glissile (mobile or free to move) or sessile (immobile and pinned by
barriers to glide).
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dislocation glide flow only, five independent slip systems are required
(the Von Mises condition). For polycrystals to deform inhomogeneously (the
grains deform compatibly but not uniformly) solely by dislocation-glide
flow, four independent slip systems may suffice (J.W. Hutchinson, 1976,
pers. comm. to Ashby and Verrall, 1977). Although as many as five slip
systems have been identified by transmission electron microscopy of experi-
mentally deformed olivine, only three are independent (Phakey et al.,

1972). 1In addition, the critical resolved shear stress’/ that is required
to activate the different slip systems of olivine is different (and is a
function of temperature and strain rate). It is unlikely that more than

one or two slip systems of olivine and the pyroxenes are active at a given
. temperature and strain rate, and therefore the Von Mises condition is
probably not fulfilled in peridotites. Furthermore, no combination of slip
along the five slip systems of olivine permits a pure, homogeneous
contraction along the [010]-axis by dislocation glide alone (Phakey et al.,
1972; Kohlstedt and Goetze, 1974). Thus, an olivine crystal compressed
parallel to [010] can deform by dislocation glide only by <inhomogeneous
slip (kinking), which cannot produce steady-state flow by itself.

Dislocation-glide flow is probably only a transient phenomenon
during natural deformation of peridotites. For most purposes the submicro-
scopic mechanism of dislocation glide need only be considered one of the
dependent steps of dislocation creep.

Dislocation Creep: Plastic Flow

The dislocation mechanisms that are involved in the type of
dislocation creep commonly called plastic flow or high-temperature
plasticity include dislocation glide, cross-slip of screw components of
dislocations, and climb of edge components.

Screw dislocations that have not dissociated into partial
dislocations are not strongly associated with their slip planes, unlike

edge dislocations. When a screw dislocation encounters a barrier to glide,
it can move to another, parallel, unobstructed plane by cross-slip and then
continue to glide (Cottrell, 1964, p. 275-279; Fig. 5). Cross-slip can

occur along any plane (other than the original slip plane, by definition)
that contains the Burgers vector. Cross-slip would be only slightly more
difficult than glide, if constraints at the ends of a screw dislocation
line could be ignored. Where the dislocation changes character from screw
to mixed to edge, however, the dislocation cannot move out of its slip
plane by cross-slip. Hence, cross-slip of screw dislocations is retarded
by drag from edge components of the dislocation at the ends of the screw
segment. Furthermore, if a screw dislocation dissociates into partial
dislocations, it becomes strongly associated with the plane that contains
the partials (see Cottrell, 1964, p. 275-276) and will not be able to
cross-slip freely.

An edge dislocation that is pinned at a barrier can "recover" its
freedom to glide by "climbing" from the obstructed slip plane to a slip
plane with no barriers. An edge dislocation climbs by the diffusion of
vacancies to or away from its extra half-plane. Similarly, screw

7 The critical resolved shear stress is the minimum shear stress that is
required to activate slip on a slip system optimally oriented with
respect to stress (see Nicolas and Poirier, 1975, p. 40-42).
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Original slip
plane

Cross-slip

Burgers vector

Fig. 5. Cross-slip of
screw dislocation. Front
of top half (corner A,) of
former vertical crystal
plane A] - A2 - A3 - Ay
has been sheared to left,
with respect to front of
bottom half (corner Ay)
of former plane Ay} - Ap -
A3 - Agq. Cross-slip can
occur on any plane in the
zone for which the Burgers
vector is the zone axis,
except on the original
slip plane.

I3

dislocations that contain offsets or "jogs"
(typically produced by two dislocations
passing through each other on intersecting
slip planes; see Cottrell, 1953, p. 173, or
Weertman and Weertman, 1964, p. 131-139) can
move their jogs only by diffusion. Mechanical
data from deformation experiments on olivine
undergoing steady-state dislocation creep are
fit best by a power-law equation of the form:

.

¢ = ac" exp (~9/RT)

where ¢ is the strain rate, ¢ is the differen-
tial stress, Qg is the activation energy for
creep, T is the absolute temperate, R is the
gas constant, A is a constant related to the
structure of the mineral, and n is a constant
in the range of 2 to 5 (Carter and Avé
Lallemant, 1970; Post, 1973, 1977; see review
by Carter, 1976). The form of this equation
is consistent with that.predicted from theory
(Weertman, 1968; Ashby, 1972). The Arrhenius
term, characteristic of thermally activated
processes, suggests that diffusion-controlled
climb is the rate-limiting step during steady-
state dislocation creep (Weertman, 1968).

Dislocation climb softens a crystal,
since the dislocations are once again free to
glide: the crystal has undergone recovery of
the mechanical behavior that it had in the
original or annealed state. When generation

and annihilation, and pinning and climb of dislocations all proceed at a
rate that maintains a constant density of mobile dislocations, then
recovery by cross-slip and climb occurs as quickly as work-hardening by

dislocation entanglement,

and the crystal undergoes steady-state disloca-

tion creep by plastic flow (MZtra and McLean, 1966, 1967).

Dislocation climb manifests itself in optically observable
textures by causing zones of broad undulatory extinction to change into
strain-free areas that are separated by sharp kink band boundaries8,9.
Dislocations are more stable in arrays that exert small long-range stresses

than in arrays that exert large long-range stresses.

The pile-up of many

dislocations behind a barrier on the same slip plane generates a large

long-range stress

(Fig. 6A).

Undulatory extinction reflects relatively

homogeneous bending of the crystal lattice, which is caused by the rela-
tively uniform distribution of dislocations that are piled-up behind

8 Kink bands are .called deformation bands by some authors.

Kink bands

should not be confused with deformation lamellae, which are photoelastic
effects best seen in phase contrast illumination that are produced by the
pile-up of dislocations in a plane parallel or sub-parallel to the slip

plane (Carter et al., 1964;

Christie and Ardell, 1974).

Sharp kinks are not of themselves diagnostic of dislocation climb;

inhomogeneous slip along parallel slip planes can also produce sharp
kinks, as in deformation of mica with the axis of compression parallel

to the slip plane (e.g.,

T. Tullis, 1971).
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Slip direction

" Climb
direction

(A)S@pmt>

Fig. 6. Recovery by climb of edge
dislocations. (A) Schematic
representation of slip planes (sub-
horizontal lines) that are gently

~curved where several dislocations are

piled up (shaded regions); such regions
K\ v i . would appear optically as zones of
Diffuse KBB (zone of wavy extinction) } undulatory extinction. (B) Dislocations
have formed stable arrays (tilt
(B) ‘ : boundaries); curvature of crystal is

concentrated at tilt boundaries, which
thus will appear as sharp kink-band
boundaries (KBB). (Modified after
Cottrell, 1953). .

Sharp KBB or tilt boundary
(dislocation wall)

barriers throughout the crystal. The long-range stress can be reduced -
through redistribution of the dislocations into other, more stable
configurations by climb to other slip planes (Fig. 6B). (For a full
discussion of this and the next paragraph, see Weertman and Weertman,
1964.)

Arrays that exert the smallest long-range stresses are tilt bound- -
aries (also called dislocation walls), which are stable arrays of edge dis-
locations (Fig. 6b), and twist boundaries, which are stable arrays of screw
dislocations (Fig. 7). Straight dislocation walls are energetically

P |

TH ]

Ipin s NNNEEE Fig. 7. Twist boundaries in a simple cubic
3 lattice. Boundaries are formed by stable
arrays of screw dislocations with two different
Burgers vectors (one is horizontal, the other
is vertical in this example). Dots connected
I by solid lines lie in a plane above the plane
of the figure; open circles connected by dashed
3 - lines lie in a plane below the plane of the
figure. Twist boundaries are parallel to the
plane of the figure. (From Dislocations in
Crystals by W.T. Read, Jr. Copyright 1953 by
McGraw-Hill Book Company. Used with permission
of McGraw-Hill Book Company.)
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favored over curved walls (Cottrell, 1953, p. 46-49). Climb allows the
dislocations to form straight walls, in planes normal to the slip
direction. The crystal structure is slightly bent across a dislocation
wall (Fig. 6Db). The greater the concentration of edge dislocations in a
wall, the greater the angle through which the crystal is bentlO., If the
angle is large enough, the wall is evident optically as a kink-band
boundary.

10 gsee bottom of next page.
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Tilt and twist boundaries can connect to surround a portion of a

grain and form a subgrain with a polygonal shape. The interior of a sub-
grain that forms during deformation may have a dislocation density as low
as that expected for undeformed crystals (106/cm2), if recovery keeps pace

with dislocation generation. Well-recovered grains contain a mosaic of
small, commonly rectangular subgrains (produced during "polygonization",
one type of recovery process) whose lattice orientations diffiler from those
of adjacent subgrains by less than 5° and commonly less than 1° (Fig. 9;
also see photomicrographs by Kirby and Raleigh, 1973, Fig. 7, or Carter,
1976, Fig. 24).

Fig. 8. Plastic flow by translation gliding.
Inhomogeneous slip causes slip planes within the
kink band to rotate about the axis of external
rotation (E.R. axis) through an angle O g. to
orientations that are at progressively higher
angles to maximum principal compressive stress 03
than original (non-rotated) orientation of slip
planes. As drawn, region of crystal within kink
band will appear strain-free in thin section.
(Modified after Carter and Raleigh, 1969.)

Fig. 9. Photomicrograph of
subgrains in an olivine grain
from specimen GB-517 deformed
experimentally by Post (1973).
Long direction = 1.15 mm.
Crossed nicols. Subgrains are
visible as small, rectangular
patches. Various shades of
gray indicate that some sub-
grains are closer to extinction
than others. Fine-grained
"veins" contain olivine neo-
blasts that developed during
intracrystalline recrystalliza-
tion.

10 7his angle is known as the angle of external rotation. Two coordinate
systems (crystal lattices) of differing orientations can be brought
into the same orientation by rotation about a single axis (the axis of
external rotation). The angle of rotation about this axis is the angle
of external rotation (see Fig. 8).
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In general, increasing the total strain by plastic flow increases
the number of dislocations that are generated and that ultimately climb

and glide into subgrain boundaries. Consequently, the angle through which

undulatory extinction sweeps or which relates crystal lattices on the
opposite sides of a kink-band boundary increases with increasing plastic
strain (Table 1), in the absence of other complications discussed below.
Similarly, the average aspect ratioll observed in thin section typically
increases with increasing strain, as the movement of dislocations in the
stress field causes a net flow of material away from crystal faces under
compression and toward faces under extension (Table 2). However, any
process that obscures or destroys the integrity of originally undeformed
or annealed grains will invalidate conclusions drawn from blind applica-
tions of Tables 1 and 2 about the strain recorded by those grains.
Recrystallization is the most common such process.

TABLE 1. Typical angles of external rotation

Amount of Strain

Mild Moderate Strong
oL 0-5° 5-10° 10-30°
OPX 0-2° 2-5° 5-20°
CPX 0-2° ; 2-5° » 5-10°

TABLE 2. Typical aspect ratios

Amount of Strain

Mild Moderate Strong
oL 2:1 5:1 50:1
OPX 1.5:1 3:1 10:1
CPX 1.5:1 2:1 5:1

11 Aspect ratios (length-to-width ratios) for grain shapes are usually
measured in thin sections cut normal to foliation and parallel to
lineation.
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Recrystallization typically occurs along kink-band boundaries and
grain boundaries of plastically deformed original grains (porphyroclasts
of Mercier and Nicolds, 1975, and Harte, 1977), since those boundaries are
sites of high strain energy (see next section). Trains of recrystallized
grains (neoblasts) commonly completely transect porphyroclasts along
former kink band boundaries. They divide the original grain into several
parts that are relatively free of optical strain and whose individual
aspect ratios may bear little relationship to the aspect ratio of the
deformed original grain (NZcolds, 1976). Failure to recognize the sub-
divided parts of a partially recrystallized porphyroclast as components
of the original porphyroclast can lead to a totally inaccurate estimate of
not only the magnitude but the orientation of the finite strain.

During plastic flow, slip planes rotate towards becoming perpendi-
cular to the axis of compression, and slip directions towards parallelism
with the axis of extension (Fig. 8). The systematic rotation of slip
planes and slip directions produces a crystallographic preferred orienta-
tion that ideally should increase with strain. Theoretical models predict
that plastic flow of initially randomly oriented grains in a single-phase
polycrystal can produce strong preferred orientations at small total
strains (see discussion by J. Tullis, 1971, p. 250-300, of models by
Calnan and Clews, 1950; Schmid and Boas, 1950; and Bishop, 1954). However,
rock deformation experiments on quartzite (J. Tullis, 1971) and dunite
(Avé Lallemant, 1975) show that plastic flow produces strong crystallo-
graphic preferred orientations only at large strains.

Movement of Arrays of Dislocations: Recrystallization

The processes discussed in this section all involve adjustments
or movements of grain or subgrain boundaries. These boundaries can be
modeled as arrays of dislocations (Gleiter and Chalmers, 1972). The
behavior of an array of dislocations is sufficiently different from that
of an individual dislocation to warrant separate discussion.

The distinction between recovery of plastically deformed grains
and recrystallization is somewhat artificial, both in theory and practice.
Both processes reduce elastic strain energy in small domains, which are
called subgrains if produced by recovery, and neoblasts if produced by
recrystallization. Byrne (1965, p. 33) defines recovery as constituting
"all those annealing phenomena which occur before the appearance of new
strain-free recrystallized grains, regardless of how refined the technique
used to detect the new grains", and recrystallization as "the nucleation
and growth of these new strain-free grains and the gradual consumption of
the cold-worked matrix by the movement of large-angle grain boundaries".
However, strain-free grains can originate by growth of strain-free material
at sites other than new nuclei. Beck and Sperry (1950) observed a type of
recrystallization, termed grain-boundary migration (or "bulge nucleation"),
that involved no nucleation of strain-free grains (see below). Subgrains
of whatever origin can enlarge to produce recrystallization textures, _
whether the subgrains be ill-defined cells bounded by dislocation tangles,
well-defined polygons (formed during "polygonization") bounded by regular
arrays of dislocations (tilt and twist boundaries), or embryo recrystal-
lized nuclei (Byrne, 1965).

The distinction between subgrains and neoblasts in practice is
based either on their size or on whether the lattice orientation of the
relatively strain-free domain differs from that of the host porphyroclast
by less than or more than, respectively, an arbitrarily chosen angle,
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usually 5° or 10°. - A subgrain is bounded by dislocation walls and/or

twist boundaries.

and more dislocations in the subgrain boundaries,

If continued deformation causes accumulation of more

the subgrain lattice will

become progressively more rotated with respect to the host lattice.

Poirier and Nicolds

(1975) have proposed that one possible mechanism for

generating oilivine neoblasts in peridotite tectonites is the progressive

rotation of subgrains during deformation,

arbitrary 5° or 10°.

to angles greater than the

Where recrystallization involves nucleation, an incubation period
characterizes the recrystallization kinetics as it does for most processes

than involve nucleation (Cottrell,

1953, p.

193; Byrne, 1965, p. 60).

Embryo nuclei have a critical minimum size to be stable, which reflects
the trade-off between decrease in free energy of strain-free nucleus

relative to the strained matrix,

and the increase in surface energy from

creating the interface between the strain-free nucleus and the strained

matrix.
strain energy will be greatest,
regions of a grain,

as has been observed in metals

Thus nucleation occurs preferentially where reduction of lattice-
namely in the most severely strained

(Byrne, 1965) and in

Subgrain coalescence can be viewed as a mechanism for either

olivine (Lalley et al., 1976).
nucleation (Byrne, 1965, p.
neoblast. As envisioned by Hu

76-85) or growth
(1962),

(Hu, 1962; Li, 1962) of a
for two strain-free subgrains with

slightly different lattice orientations to coalesce, one subgrain has to

rotate slightly with respect to the other,
orientation of the two subgrains into coincidence

10.
Two subgrains with slightly differ-
ent lattice orientations coalesce
along their common boundary C-H
by progressive rotation of the
lattice of subgrain C-D-E-F-G-H
into coincidence with that of sub-

Fig. Subgrain coalescence.

grain A-B-C-H-I-J. (A) Initial
subgrain structure. (B) Rotation
of one subgrain. (C) Subgrain
structure after coalescence.

(D) Final subgrain structure
after limited migration of sub-

boundaries. (Reprinted from
J.C.M. Li, Jour. Appl. Phys.,
v. 33, p. 2958-2965, 1962. Used

with permission of J.C.M. Li and
American Institute of Physics.)

in order to bring the lattice
(Fig. 10). 1In so doing,
the subgrain also rotates with respect
to all other neighboring subgrains.

L7 (1962) showed that the driving
force for such a rotation is not only
the elimination of the strain and
surface energy associated with the
interface between the two merging
neighbors, but also the improved fit
of the rotated subgrains with neigh-
boring grains and subgrains along the
newly adjusted boundaries. The finer
the size of the cell structure (sub-
grain) and the more diffuse the
boundaries between subgrains, the
easier is coalescence (see discussion
by Byrne, 1965, p. 76-85). A .
coalesced group of subgrains will be
recognized as a neoblast only when it
has grown to a critical size large
enough for it to be distinguished from
individual subgrains and for it to be
able to grow by grain-boundary migra-
tion (see below). Because the period
preceding the attainment of the
critical size is in essense an incuba-
tion period, Byrne (1965) viewed the
early stages of coalescence as a
nucleation process.

At least two mechanisms
contribute to the growth of neoblasts:
subgrain coalescence (described above)
and grain-boundary migration (Beck
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!
and Sperry, 1950; Bailey, 1962). As implied by its name, grain-boundary
migration involves the growth of a strain-free grain at the expense of its
strained neighbor by migration of their common boundary into the strained
neighbor. During primary recrystallization, the dominant driving force
for migration is the elimination of lattice strain energy in the material
through which the boundary passes. Even after primary recrystallization
has eliminated all lattice strain energy, grain-boundary migration can
continue, driven by the reduction of grain-boundary energy by eliminating
fine grains. The coarsening of grain size that results is termed grain
growth, if the larger grains from the primary recrystallization survive, or
secondary recrystallization (exaggerated grain growth), if they do not
(Cottrell, 1964, p. 286; Byrne, 1965, p. 106; see Cotterill and Mould,
1976, especially p. 271-274, for an excellent discussion of primary
recrystallization, grain growth, and secondary recrystallization).

Recrystallization Textures

Discussion in the literature of recrystallization textures in
ultramafic rocks is virtually limited to olivine (Collee, 1963; Raleigh,
1963; Ragan, 1969; Brothers and Rodgers, 1969; Raleigh and Kirby, 1970;
Avé Lallemant and Carter, 1970; Post, 1973, 1977; Kirby and Raleigh, 1973;
Nicolas et al., 1973; Mercier and Nicolas, 1975; see review by Carter,
1976) . Experimental work on orthopyroxene (Raleigh et al., 1971; Carter,
1971; Carter et al., 1972; George, 1975; Ross, 1977) and on clinopyroxene
(Etheridge and Kirby, 1977; Avé Lallemant, 1977) and observations on
natural peridotites (4vé Lallemant, 1967) indicate that the pyroxenes
recover and recrystallize far less readily than does olivine (Carter,
1976), apparently because the low stacking fault energy of the pyroxenes
inhibits dislocation climb (Green and Radcliffe, 1972; Goetze and
Kohlstedt, 1973; see Barrett and Massalski, 1966, p. 387-390 for a discus-
sion of stacking faults, partial dislocations, and their effect on climb
in metals).

~ Completely recrystallized olivine in deformed peridotites typi-
cally displays a mosaic texture in which the straight boundaries of fine-
grained, polygonal olivine commonly terminate in 120° junctions. The
grains are equigranular but not necessarily equant. This texture is the
equigrangular textures of Mercier and Nicolas (1975) and the granuloblastic
texture of Harte (1977).

Completely recrystallized olivine with no relict plastically
deformed parent grains is rare in both naturally and experimentally
deformed olivine. More commonly, recrystallized grains have consumed only
some of the parent grains. The resulting texture, Mercier and Nicolds's
(1975) and Harte's (1977) porphyroclastic texture, consists of an imperfect
mosaic of small, equigranular, nearly strain-free neoblasts that surrounds
large, strained porphyroclasts (Fig. 11). The neoblasts have straight or
slightly curved mutual boundaries that tend to terminate in 120° junctions.
The very fine-grained equigranular texture of most peridotite mylonites
(e.g., Boullier and Gueguen, 1975) is probably produced by recrystalliza-
tionl2 (whether accompanied by grain boundary sliding or not).

~

12 rhe very fine grain size of most mylonites is produced by recrystalliza-

tion and not by the brittle process commonly termed cataclasis or
granulation (c.f. discussion of quartz recrystallization textures by
Carter et al., 1964).
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Two types of recrystalliza-
tion are commonly discussed in the
geologic literature: syntectonic
recrystallization (hot-working) and
annealing recrystallization of
plastically deformed (cold-worked)
specimens. Both types probably
involve the same submicroscopic pro-
cesses but operating to different
extents, owing to three differences:
1) The dislocation and point defect
substructures and their relative
mobilities in host (non-recrystal-
lized) grains of hot-worked material
are different from those of cold-
worked material. 2) The deviatoric
(non-hydrostatic) component of stress
can favor certain directions of
atomic migrations or grain-boundary
migrations, or certain orientations
of newly crystallized nuclei over
others during syntectonic recrystal-
lization. 3) Neoblasts themselves
become plastically deformed during
syntectonic recrystallization but not
during annealing recrystallization.
These difficulties are probably
sensitive to the magnitude of the
stress deviator, and we should expect
to see a range of recrystallization
textures corresponding to a range of
deviatoric stresses from infinitesi-
mally low (i.e., annealing recrys-
tallization) to intermediate
("typical" syntectonic recrystalliza-
tion) to high (mylonites?).

Fig. 11. Photomicrograph of
naturally deformed, partially
recrystallized dunite from North
Carolina. Long direction = 4.6 mm.
Large NW-trending olivine por-
phyroclast in center contains E-
trending kink bands. Porphyro-
clast is surrounded by mosaic of
olivine neoblasts, some of which
are mildly kinked themselves.
Neoblasts have a strong preferred
orientation of [010]-axes normal
to foliation defined by long
dimensions of remnant porphyroclasts.

In fact, in experimentally
deformed peridotites we do see a
range of textures that correlate
roughly with deviatoric stresses. 1In
experiments on olivine, recrystal-
lized grains are more flattened, have
more irregular boundaries, and define
a stronger foliation in high-stress experiments than in low-stress ones
(personal observation of specimens experimentally deformed by Avé Lallemant
and Carter, 1970, and Post, 1973, 1977). Post (1973, 1977), Kohlstedt et
al. (1976) and Mercier et al. (1977) observed a modest inverse correlation
between stress and grain size’' in olivine, a relation previously reported
for metals (Luton and Sellars, 1969; Glover and Sellars, 1973) and pre-
dicted from theory (Barret and Nixz, 1965; White, 1976). However, more
recent experimental work both on metals (Gittus, 1975; T. Langdon, pers.
commm.) and on olivine (Ross et al., 1977) suggested that the temperature
of deformation also influences grain size and that grain size changes
quickly during annealing of hot-worked dunite (Zeuch and Green, 1977).
Thus, Twiss (1977) urged caution in application of grain size to inter-
pretations of paleostress of natural deformations.

Development of crystallographic preferred orientation during
recrystallization is poorly understood. Two possible mechanisms are:
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(1) preferential nucleation of nuclei in a certain orientation, and (2)
nucleation of nuclei with random orientations, followed by selective growth
of only certain nuclei.

. Dollinger (1973) and Avé Lallemant (1975) applied the Green et al.
(1970) discussion of syntectonic recrystallization of quartz to recrystal-
lization of olivine. A4vé Lallemant (1975) argued that neoblasts that are
oriented in the stress field least favorably for translation gliding on
(010) [100] (that is, neoblasts whose b-axes parallel ¢j) will acquire less
stored .strain energy than neoblasts in other orientations; consequently,
neoblasts with b-axes parallel to o] will be more stable than and will grow
at the expense of their more highly strained neighbors. Dollinger (1973)
found that annealing recrystallization of experimentally deformed olivine
can also produce strong crystallographic preferred orientations, with the
b-axes statistically parallel to the pre-annealing orientation of oj.
During annealing, there is no deviatoric stress to influence the orienta-
tion of nuclei or the relative mobilities of differently oriented grain
boundaries. However, subgrains whose b-axes paralleled oj during the pre-
annealing plastic deformation will have less stored strain energy than
subgrains in other orientations, just as in the case for neoblasts during
syntectonic recrystallization. Thus, Dollinger’'s (1973) and

Ave Lallemant's (1975) results suggest that recrystallization fabrics are
controlled by selective growth of subgrains (or nuclei from "bulge"
nucleation) of certain orientations.

Dollinger's (1973) and Avé Lallemant's (1975) conclusions do not
preclude the possibility that nuclei are nucleated with a preferred
orientation. For example, neoblasts that are developed during intra-
crystalline recrystallization (as opposed to grain-boundary recrystalliza-
tion) have a preferred orientation that is strongly controlled by the host
grains, regardless of the orientation of the host, in experimentally
deformed dunite (4vé Lallemant and Carter, 1970), experimentally deformed
orthopyroxenite (George, 1975; Etheridge and Kirby, 1977) and naturally
deformed orthopyroxenite (Ftheridge, 1975). Their preferred orientation
could arise either from oriented nucleation or from selective or "oriented"
growth of those nuclei whose boundaries are most mobile because of a coinci-
dence lattice relationship (see Gleiter and Chalmers, 1972). Acting indi-
vidually, oriented nucleation and oriented growth can explain some, but
not all, characteristics of development of preferred orientations during
annealing recrystallization of metals (McLean, 1962, p. 282-284; Barrett
and Bassalski, 1966, p. 579-583), and it is unlikely that both processes
contribute to the development of oriented fabrics in silicates. Since both
processes probably occur during both syntectonic and annealing recrystal-
lization, fabric diagrams of preferred orientations of recrystallized
grains are unlikely discriminators of annealed and hot-worked rocks.

Pyrometamorphism

Partial melts probably perturb solid-state deformation processes
through two properties: 1) diffusion rates are five orders of magnitude
greater through silicates melts than through crystalline silicates
(Ho fman and Magaritz, this vol.) and 2) silicate melts, even if polymerized,
are less structured than solids. This section speculates on how melts can
affect material properties and, in turn, on how a partially fused perido-
tite reacts to a deviatoric stress. ‘

250



Diffusion is inferred to be the rate-limiting step during high-
temperature creep of silicates, whether the dominant mode of deformation
is diffusion creep or dislocation creep (Carter, 1976). If one makes the
reasonable assumption that other dependent steps (if indeed they exist in
melts) in the creep process, such as generation of vacancies, are no slower
in silicate melts than they are in crystalline silicates, then the higher
rates of diffusion through melts must lower the creep strength (or effec-
tive viscosity) of silicate melts relative to crystalline silicates.
Indeed, Kushiro et al. (1976) report that the effective viscosity of
basaltic magma at 1375-1400°C and 20 kb may be as low as 30-50 poises, in
contrast to effective viscosities of the order of 1020 poises for dunite
(Carter and Avé Lallemant, 1970; Post, 1973, 1977).

The rheologic properties of a multiphase aggregate are controlled
dominantly by the flow properties of the phase that provides the structural
framework. The most abundant phase (typically olivine in harzburgites)
forms the structural framework for most geometries of polycrystals. 1In
partially molten material, though, the melt will provide the structural
framework, if it is penetratively distributed along grain boundaries and
if it comprises a volume fraction large enough (10% or more?) to isolate
grains of the solid phases from one another. Hypersolidus harzburgite
that contains very large volume fractions (30% or more) of silicate melt
can deform by "crystal mush flow" ("polygenic flow" of Thayer and Jackson,
1972), in which the melt accommodates the strain by bulk flow.

Experiments on hydrostatic melting of granite (Brace et al.,
1968; Mehnert et al., 1973) and hypersolidus deformation experiments on
peridotite (4vé Lallemant and Carter, 1970; Boudier and Nicolds, this
volume) indicate that silicate melts do penetrate the host rock, both along
grain boundaries and through finely spaced fractures (see Fig. 1D of 4vé

Lallemant and Carter, 1970). In Mehnert et al.'s (1973) experiments,
grain-boundary melting was initiated at multiphase nodes and interfaces
(e.g., quartz/feldspar boundaries); as the volume fraction of the melt

increased, the thickness of the melt remained greater at multiphase inter-.
faces than along boundaries between grains of the same phase. Granitic
melts are highly viscous, though, and their behavior along grain boundaries
is probably quite different from the behavior of basaltic melts. Indeed,
in view of the low viscosity observed by Kushiro et al. (1976) for

basaltic magma, one wonders whether any melt but the thinnest coating along
grain boundaries would be retained during syntectonic partial fusion of
mantle peridotite, and thus whether "crystal mush flow" would be a common
mode of flow of harzburgite tectonite. S

A small percent of grain-boundary melt perhaps will profoundly
affect deformation processes in another way, however. One mechanism of -
deformation by pressure solution is creep by grain-boundary diffusion
(Coble creep). Grain-boundary-diffusion creep apparently contributes
little to total strain under most geologic conditions (Stocker and Ashby,
1973), since deformation of crystalline silicates is typically dominated
by dislocation .creep at intermediate to high temperatures and moderate
stresses, and by Nabarro creep (lattice diffusion) at high temperatures
and low stresses. At hypersolidus temperatures, though, grain-boundary
diffusion is effectively enhanced by five orders of magnitude (Hofman and
Magaritz, this volume). The singular increase in the rate of grain-
boundary diffusion at the melting temperature perhaps is sufficiently large
to permit "magmatic pressure solution" to dominate the flow mechanisms.
Magmatic pressure solution is conceptually identical to pressure solution
of quartzites by aqueous solutions (H. Dick, 1973, oral comm.; see the
excellent discussion by Elliott, 1973), the only difference being the
distinction between silicate melt and metamorphic fluid as the transporting
agent.

i
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A change in dominant deformation mechanisms should cause a change
in strength of a rock. Preliminary experiments at confining pressure
(Goetze, 1977) demonstrated no drastic weakening (within an order of
magnitude) of hypersolidus peridotite containing up to 10 volume percent
of melt, compared to subsolidus peridotite. However, since diffusional
flow should be relatively favored over dislocation creep as stresses and
strain rates are lowered to approach those of natural deformation
(Stocker and Ashby, 1973), Goetze's experiments do not preclude magmatic
pressure solution as a dominant flow mechanism of naturally deformed
harzburgite (Goetze, 1977). At the very least, grain-boundary-diffusion
creep by magmatic pressure solution should be expected to dominate to
larger grain sizes than predicted by Stocker and Ashby (1973) for sub-
solidus grain-boundary-diffusion creep.

Partial melt along grain boundaries of crystalline silicates will
affect the process of grain-boundary migration, but in what way is
dependent on several factors. In partially fused alloys and ceramics, one
important factor is the distribution of the melt: if melt is distributed
along grain boundaries as small spherical droplets (as one would expect
for melts whose interfacial energy against the solid phase is greater than
half the interfacial energy of the solid-solid grain boundary; see Kingery
et al., 1976, p. 290-314), the melt droplets act as any dispersed particles
along grain boundaries would, to inhibit grain-boundary migration (Burke,
1959; Gleiter and Chalmers, 1972, p. 143-146). ,

If melt "wets" the grain boundary (as one would expect for melts
whose interfacial energy against the solid phase is less than half the
interfacial energy of the solid-solid grain boundary), the affect of melt
on grain-boundary migration depends on other factors (Burke, 1959): During
growth of one grain at the expense of its neighbor by migration of their
common boundary, the radius of curvature of the face of the growing grain
is negative (as viewed from inside that grain) and that of the shrinking
grain is positive. The contribution that the large difference in radii of
curvature of the two grains makes to the driving force for grain-boundary
migration will be large (see Cotterill and Mould, 1976, p. 271-274;
Kingery et al., 1976, p. 452). A melt that coats the grain boundary will
tend to round both grains, however, and will give both grains a positive
radius of curvature. Thus, the driving force for grain-boundary migration
will be reduced in the presence of a good "wetting" agent.

Grain growth in the presence of a grain-boundary fluid phase by
solution-precipitation can be faster or slower than grain-boundary migra-
tion, again depending on several factors (Burke, 1959; Gleiter and
Chalmers, 1972, p. 143-144; Kingery et al., 1976, p. 407-413 and 498-501).
For example, polycrystalline halite undergoes no grain growth at tempera-
tures below several hundred degrees centigrade, but salt crystals in a
cold-pressed aqueous slurry of sodium chloride do undergo grain growth.

In contrast, grain-growth in partially fused, high-alumina ceramic is
slower than in alumina ceramic that is sintered in the solid-state

(Barlett and Schwartzwalder, 1949, cited in Burke, 1959, p. 115). . Vallon -
(in Ll<boutry, 1971, p. 16) reported that the size of ice crystals in a
temperate alpine glacier was smaller (presumably because of lower growth
rates), the higher the local water content. Lower rates of grain growth

in the presence of grain-boundary melt are observed in systems that contain
two solid phases than in the corresponding systems that contain just one

of the two solid phases (Gleiter and Chalmers, 1972, p. 144). The above
observations suggest that grain growth by solid-precipitation is controlled
by the kinetics of dissolution and mass transport through the melt, of
components from the solid phases. Since the problem of solution-precipi-
tation is beyond the scope of this paper, I refer the reader to papers by
Rutter (1976) and Durney (1976) for further discussion.
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In the absence of pertinent experimental data on the kinetics of
melting and melt-transfer in peridotites, I must rely on Mercier and
Nicolas's (1975) interpretation of textures in ultramafic xenoliths.
Mercier and Nicolds inferred that ultramafic xenoliths that have proto-

granular texture (large grain size,

unstrained or nearly unstrained

minerals, and olivine grains having gently curved boundaries) recrystal-

lized in the presence of melt.

Thus,

I conclude that partial fusion of

peridotites can promote grain growth through solution-precipitation.

Impoéing a deviatoric stress on'a partially fused peridotite will
alter the distribution of grain-boundary melt, through mechanical and
thermodynamic effects, and may thereby control preferred directions of

grain growth.

The hydrostatic pressure of the melt Pp can never exceed

the least principal compressive stress 03 on the rock by more than the
tensile strength of the rock; otherwise, the melt will escape from the
rock by "magmafracting" (analagous to hydrofracting; Yoder, 1976)13 . Thus
Ppm will be less than o1, and the melt will tend to be squeezed from grain
boundaries normal to o] to grain boundaries normal to o3 (Fig. 12; for
examples see Ode, 1957; Nye, 1967; or Durney, 1976).

Trace of foliation
plane defined by preferred
orientation of melt pockets.

O3
&

Fig. 12.

Migration of partial
melt in an idealized stressed

polycrystal. Other factors being
equal, melt (shaded regions) is
forced from grain boundaries at
high angles to maximum princi-
pal compressive stress 0].
Foliation defined by melt

pockets parallels 07, in contrast
to "solid-state" foliation
(defined by flattened or sheared
porphyroclasts or tabular neo-
blasts that remain crystalline
during deformation), which
typically lies at high angles:

to 03.

Thermodynamical effects will
complicate the picture. The slope of
the peridotite solidus in temperature-
pressure space is positive for melting
that produces water-undersaturated
melts ("dry" melting) and is negative
for water-saturated melts ("wet"
melting; see Yoder, 1976, p. 4-20).
Interfaces normal to o7 will be at a
slightly higher pressure than those
normal to 03. During "dry" melting,
grain boundaries normal to 05 should
have a slightly lower melting tempera-
ture than those normal to oj. Thus,
during "dry" syntectonic melting,
grain boundaries normal to o3 should
melt preferentially over those normal
to 07, and one might therefore expect
"dry" grain boundary melts to be
preferentially aligned in grain
boundaries normal to 03 (i.e., in the
same orientation as expected from
mechanical considerations).

During "wet" melting, »
however, grain boundaries normal to
01 should have a slightly lower melt-
ing temperature than those normal to
03. Thus during "wet" syntectonic
melting, grain boundaries normal to
01 should melt preferentially over
those normal to 03. If the kinetics
of transfer of melt are slow relative
to the rate of melting, one would
expect grain-boundary melts to be
preferentially aligned in grain

13 see Nye and Mae (1972) for an example of the similar problem of
relating the mean stress in temperate ice to the pressure on inter-

granular water.
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boundaries normal to 0] (i.e., perpendicular to the orientation expected
from mechanical considerations). Indeed, experiments on stressed ice (for
which dTp/dP is also negative) at its melting temperature show that
"lenses" of water are preferentially aligned normal to o] (Nye and Mae,
1972). On the other hand, if the deviatoric stress forces the melt to
migrate quickly from sites of formation (faces normal to ¢j) to faces
normal to o3, rapid dissolution along faces normal to o] and rapid pre-
cipitation of melt onto faces normal to o3 could quickly cause grains to
become elongate parallel to 03 during "wet" syntectonic partial fusion.

In that case, one would expect phases that contribute disproportionately
more to the melt (i.e., clinopyroxene and orthopyroxene for tholeiitic
melts) to become more elongate than relatively refractory phases (typically
olivine in tholeiitic melts).

Conclusions

In a field area containing both pyrometamorphic and deformation
textures, there are only three ways in principle to demonstrate that
pyrometamorphism was syntectonic: 1) accurate determination of the
equivalence of the absolute ages of melting and deformation; 2) demon-
stration that the stress field that caused the deformation also caused
preferred orientation of former partial melt and indigenous dikes; and
3) identification of deformation textures unique to pyrometamorphic
deformation. The first approach is generally impracticable, in view of
the uncertainties introduced by the post-deformational thermal history.

The second approach, the subject of the paper by Boudier and
Nicolds (this volume) and discussed in the previous section of this paper,

is currently the only practicable approach. However, its usefulness will
generally be limited to rocks in which large percentages of melt have been
trapped. In such rocks, interfacial energy effects could not have over-

whelmed the expected mechanical control of preferred orientation of melt
pockets. In addition, the greater the percentage of partial melt, the

more likely the melt was undersaturated with respect to water. Since the
slope of the melting curve of water-undersaturated melts in P-T space is
positive, the thermodynamically favored sites for melting (grain boundaries
normal to o3) will be in harmony with the mechanically favored sites for
collection of melt (planes normal to 03). :

The focus'of ‘this final section is the third approach, based
solely on the textures of residual (non-melted) phases. Because of the
paucity of experimental data or pertinent observations on natural perido-
tites, the discussion of deformation mechanisms and melting in the previous
sections is the basis for my speculations on textures expected from pyro-
metamorphic deformation:

1) - The -edges of clinopyroxene grains in some peridotite xenoliths
have a spongy appearance that Kleeman et al. (1969) and Pike and Schwarzman
(1977) attributed to corrosion during partial melting. If partial fusion
occurred while the rock was stressed, one might expect to find a preferred
orientation of the spongy borders of residual clinopyroxene.

2) A grain-boundary melt that coats most grain boundaries will
"insulate" most grain boundaries from deviatoric stresses that are any
greater than those the melt itself can support. Deviatoric stresses will
be concentrated along the remaining grain boundaries at point-to-point
contacts where no melt is present. Thus, for a given deviatoric stress on
the entire aggregate, one should expect a greater chance of local stress
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concentrations in a partially fused polycrystalline aggregate (in which
the melt coats boundaries) than in a subsolidus polycrystalline aggregate.
Since local stress concentrations will produce local strain concentrations,
one should expect that recrystallization will occur at lower values of
total strain of the rock (although at the same value of local strain) in a
hypersolidus rock than in a subsolidus rock. In addition, the tendency
for recrystallization to occur at grain boundaries rather than in the
interior of grains should be enhanced.

3) For a given amount of total strain, a hypersolidus peridotite
will appear "less deformed" than a subsolidus peridotite. For example,
George (1975, 1977) found that harzburgite tectonite with trapped inter-
stitial melt from the Troodos ophiolite has weak preferred orientations
of olivine crystallographic axes and appears almost undeformed in thin
section, even in specimens that display a pronounced foliation defined by
flattened orthopyroxene and spinel grains. The "deformation" or flow of
interstitial melt is not recorded by the products of post-tectonic
crystallization of the melt. Thus, if the melt accommodated much of the
strain during "crystal mush flow", the now-solid rock preserves little
textural evidence of its strain history.

4) Since magmatic pressure solution and precipitation is merely
another type of diffusion creep, it will produce textures analogous to
pressure shadows in deformed quartzites (FllZott, 1973) or grain-boundary
denuded zones in metals (Gittus, 1975, p. 27-28). One should expect the
presence of pressure shadows at the long ends of grains in any strongly
foliated peridotite whose grains bear little evidence of dislocation-
creep deformation textures. Pressure shadows in olivine would probably be
subtle features, since metamorphic olivine is rarely zoned compositionally
and is relatively free of inclusions of other phases. However, pressure
shadows in the pyroxenes should be more obvious for two reasons: a) the
pyroxenes tend to be compositionally inhomogeneous and to contain more
inclusions (witness the "clouded" appearance of the pyroxenes as observed
in thin section in plane polarized light, compared to olivine); and b)
the peritectic composition in the OL-EN-DI system is decidedly more
pyroxene-rich than the bulk composition of the typical alpine-type
harzburgite or lherzolite (Yoder, 1976, Chapters 2 and 4), and so the
pyroxenes (especially clinopyroxene) contribute disproportionately more to
melting (and therefore to reprecipitation) than does olivine.
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Abstract

Deep and intermediate earthquakes indicate mechanical instability
of the upper mantle rocks. Velocity anisotropy of elastic wave propagation
also suggests that mantle rocks can sustain differential stress and stress
gradients at least over a short time interval. Release of those stresses
due to sudden reduction of rigidity, volume expansion due to local
inhomogeneity, and lowering of rigidity due to dehydration of hydrous
minerals or phase transformations can induce onset of partial melting of
upper mantle materials.

The estimation of stress around inhomogeneities or pockets of
pressurized fluid of various aspect ratios indicates that a thin, lenti-
cular or spheroidal inhomogeneity induces the greatest pressure reduction
around its tips. The maximum thermo-mechanical stress (omax) due to phase
. transformation around such inhomogeneities or pockets of pressurized
fluids is obtained by:

Omax = 1/2(o¢ + o2+ b212) + Or,s

where stress release (0+) by volume expansion (AV”®) due to phase trans-
formation is ot = 8/D[1-v(G'/G)k'AV'], v and G are Poisson's ratio and
rigidity of mantle, K' and G' are bulk modulus and rigidity of inhomo-
geneity or inclusion, D and b are coefficients, oy is the lithostatic
stress, T is the shearing stress across the plane of inhomogeneity or
inclusion at infinity.

A model for development and propagation of physical inhomogeneities
(fractures or flaws) in the upper mantle, and possible onset of partial
melting and its transport by cyclical stress release is postulated. Theo-
retical equations and examples are presented to show that phase transforma-
tions of stable and metastable phases in areas of tectonic instability and up-
per mantle thermal anomalies can produce rapid volume change and reduction of
rigidity in upper mantle rocks. Such changes can propagate further physical
inhomogeneities, pockets of partial melt and volatiles, and create conditions
for rapid or explosive emplacement of volatile-rich magmas and diatremes.

* Present address: Brooklyn College of the City University of New York,
Brooklyn, New York 11210
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INTRODUCTION

Active ridge-rift systems, intraplate hot spots, tectonically
active regions such as island arcs and subduction zones are areas of magma
generation by partial melting of the upper mantle, magmatic uprise or
diapirism and volcanicity. The presence of volatiles like COjp, H30, etc.,
has been thought to play an important role in melting processes, segrega-
tion and emplacement of magmas from the upper mantle in subduction zones
(Lambert and Wyllie, 1968; Kushiro, 1968; Wyllie, 197la; Eggler, 1975). Var-
ious petrological, geochemical and geophysical models for equilibrium and dis-
equilibrium melting of upper mantle crystalline materials, role of fluids and
magma generation processes are excellently reviewed by Wyllie (1971b) and
Yoder (1976Db).

Recently the presence of interstitial fluids (such as C0, and H,0)
has also been attributed to the physical characteristics of the low-
velocity zone, which represents the inhomogeneous nature of the mantle
(Anderson, 1962; Wyllie, 197la; Brey and Green, 1976; Eggler, 1976). Physical
and chemical' inhomogeneities of varying magnitudes in the upper mantle
have been established from geophysical (Bullen, 1947; Anderson, 1962), geo-
chemical and isotopic studies (Hart et al., 1970; Hart, 1976; O'Nions and
Pankhurst, 1974; Schilling, 1975; Sun and Hanson, 1975; and others).
1975; Sun and Hanson, 1975; etc.).

Upper mantle rocks commonly show various degrees of fracturing.
In Griffith's theory (1925) of fracture propagation, fractures, cracks or
flaws are physical inhomogeneities or inclusions in a rock. Griggs and
Handin (1960) suggested that after such homogeneities exist, release of stress
(i.e., stored elastic energy) from the flaw or crack can propagate addi-
* tional cracks, and shear melting can generate deep-seated earthquakes.
Griggs and Baker (1969) expanded this concept and considered the energy
required to melt a mass from a propagating crack.

The stress relief hypothesis and generation of magma by partial
melting of the upper mantle were considered by Yoder (1952), Uffen (1959),
Uffen and Jessop (1963), and elaborated by Yoder (1976a; 1976Db).

Bott (1965) and Roberts (1970) emphasized that to produce an
appreciable amount of partial melting requires large stress differences
which cannot normally be maintained if large plastic creep occurs in the
upper mantle. However, as deformation by plastic creep is generally a
slow process (Carter and Avé Lallemant, 1970), high elastic stress can be
maintained over a short time period. Mantle material can deform elastic-
ally if there is expansion by volume change or if there is loss
of rigidity due to phase transformation. Under such conditions large
stress differences can be maintained, at least locally, for a time duration
sufficient for formation and rapid propagation of fractures or inhomo-
geneities with generation of earthquakes and local melting spots (Koide,
1974; Koide and Bhattachargi, 1974).

In this paper we will present briefly the theoretical basis and a
few examples of phase transformations of stable and metastable phases which may
trigger mechanical instability in the upper mantle. We will show that the
magnitude of stress release by rapid phase transformations and nucleation
and concentration of stress around mantle inhomogeneities have the poten-
tial to produce deep-seated fractures, deep-focus earthquakes, the onset of
melting and propagation of fluids through grain boundaries and existing
anisotropies.
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STRESS RELEASE BY RAPID VOLUME CHANGE RELATED TO PHASE TRANSFORMATION

Many types of phase transformation can occur in the mantle. Due
to the relative motion of the lithospheric plate and the mantle, materials
cross phase stability boundaries. They may not, however, transform contin-
uously at the equilibrium depth. Nucleation of the new phase originates
in relatively small areas at appreciable deviation from equilibrium
(Vaisnys and Pilbeam, 1976). As the phase transformation is generally
accompanied by a large volume change, differential volume change causes
stress disturbance along the boundary between the phase-transformed portion
and the nearby unchanged mantle material (Fig. 1). The phase-transformed
portion may consist of an inhomogeneous region, an inclusion, flaws or
fractures of different mechanical properties from the surrounding mantle
material, or a phase with physical properties (such as shearing strength)
different from the surrounding mantle material.

In addition to the volume of the phase-transformed region, its
shape has a significant effect on the stress disturbance and mechanical
characteristics around it (XKoide, 1974; Koide and Bhattachargi, 1975a).
However, the stress distribution of the inhomogeneous region or inclusion
can be adequately estimated if the inclusion is assumed to be of the shape
of a spheroid of various aspect ratios.

The exact analytical solution for statistical stress distribution
in and around a spheroidal inclusion embedded in an infinite homogeneous
elastic body has been obtained by Edwards (1951). Koide (1970, 1972),
Bhattacharji and Koide (1974), and Koide and Bhattacharji (1975a) have
developed the solution into forms more convenient for calculation of stress
and have applied the solution to study the development of various fracture
patterns and to fracture propagation around diapir intrusions in the
elastic lithospheric plate.

The complete equation for stress distribution around a phase
transformed inclusion or inhomogeneity is highly complex (Koide, 1970); an
approximate value of maximum stress at the tip can be determined from the
equation given by Koide (1976). Stress (op) at the tip of an inhomogeneous
spot or inclusion which acts on the mantle host in a transverse direction
is obtained from the equation:

8 G'
Op = 5(1 - VG YR'AV' + o ) (1)

- ]
the coefficient D = %} + iLLEXLK—

‘_ _G_' . ’
+ 16 (1 v)G (2)

where S is the aspect ratio of the inhomogeneity, G and v are respectively
rigidity and Poisson's ratio of the mantle, K' and G' are bulk modulus and
rigidity of the inhomogeneity after phase transformation, AV' is relative
volume change of the inhomogeneity by the phase transformation, and oy, is
lithostatic stress (XKoide, 1970, 1976). The first term of equation (1)
expresses the magnitude of stress release (0 = ogp - 0p). The stress
release (Ot) occurs by volume expansion due to phase transformation in a
transverse direction.

In the case of an extremely thin lenticular or oblate shaped
inhomogeneity, the first term of equation (2) becomes negligible, because
the aspect ratio (S) is very large. Thus, as the shape effect (determined
by aspect ratio) becomes negligible, the coefficient D becomes almost
constant.
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For an inhomogeneity of very small aspect ratio, the transverse
stress (op) of equation (1) can be expressed as:
op = 2(G-v G') . K' AV' + of (3)
(1-v). (K" + 4G'/3) ‘

The maximum value of stress release (0t = op - 07) by volume
change due to phase transformation of a large, narrow inhomogeneous zone
of the mantle can also be estimated by equation (3).

In many cases, the elastic constants of the phase-transformed
materials or inclusion are not known. The elastic constant of the phase-
transformed inclusion or zone is commonly assumed to be almost equal to the
surrounding mantle material (Case I in Table 1). Thus when G' = G in
equation (3),

_ 2 (1 +v)

o G AV' + © (4)
T 3 (1 - v) L .

Stress distribution at the tip of a thin lenticular or spheroidal melted
rock zone or inclusion can be calculated by using the same solutions.

Another possible case is a phase transformation in which the

inclusion is fluid after transformation (G'=0) (Case II in Table 1). The
equation (3), for such a case, can be expressed as:
- 2G '
9] = £3 AV' + 0o 5
T 1-v L (5)

The stress induced by the volume change of the spheroidal
inclusion or inhomogeneity due to phase transformation is obtained by the
three dimensional theory of elasticity (Koide, 1970, 1972; Koide and
Bhattachargji, 1975a).

An example of stress distribution around an inhomogeneous spot
or inclusion of coesite surrounded by mantle material due to a volume
expansion of 10 percent by a phase transformation of coesite+quartz under
the compressive pressure of 36 kb (corresponding to a depth of about
120 km, Table 1) is shown in Fig. 2. Smyth and Hatten (1977) have recently
identified inclusions of crystals of coesite in grospydite from the Robert
Victor Kimberlite pipe, South Africa. The shape of the inhomogeneous spot
or inclusion of coesite in the mantle is assumed to be a stretched oblate
spheroid or lenticular protuberance of aspect ratio 1:100. The stress
contours in such a case (Fig. 2) indicate the potential of a large stress
release around the tip. The large volume expansion (Table 1) by phase
transformation at or around the tip of the inclusion, therefore, can induce
large tensile stress around it.

»

Although uniform isotropic compressive stress of about 36 kb due
to overlying lithostatic load is expected at a depth of 120 km, a 10
percent volume expansion of a lenticular inclusion of aspect ratio 1:100
due to phase transformation theoretically has the potential to create a
maximum absolute tensile stress as high as 20 kb. )

No rock can sustain such high tensile stress, which would cause a
large deviatoric stress (Yoder, 1976b). The tensile strength of the upper
mantle is estimated to be about 0.5 kb by Roberts (1970). Any greater re-
lease of tensile stress by rapid phase transformation can potentially initiate
tensile fracturing from the areas of highest stress concentration (Figs. 1 and
2) and partial melting by pressure release. However, if enthalpy of melting
is low (such as AH = 135 cal/gm) at 0.5 kb, pressure release would not produce
appreciable melting. :
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TABLE 1. The minimum volume expansion of a lenticular penny-shaped
inclusion about which fractures or a melting spot can form
in the pyrolite mantle.

DEPTH PRESSURE ELASTIC PROPERTIES THE MINIMUM VOLUME EXPANSION
OF THE MANTLE TO INDUCE TENSION (%)
Rigidity | Poisson's
Ratio
(Km) (Kb) G (Mb) Case I Case II
100 =31 0.642 0.266 4.2 1.8
200 -64 0.674 0.285 7.9 3.4
300 -98 0.756 0.286 10.8 4.6
400 -133 0.871 0.283 12.8 5.5

FORMATION OF MELTING SPOT
IN THE OCEANIC CONDITION

FORMATION OF MELTING SPOT
IN THE SHIELD CONDITION

REQUIRED THE MINIMUM REQUIRED THE MINIMUM
MELTING STRESS VOLUME MELTING STRESS VOLUME

DEPTH | TEMP. PRESS. RELEASE | EXPANSION (%) TEMP . PRESS. RELEASE | EXPANSION (%)
(Km) | (°C) (Kb) (Kb) Case I|Case II | (°C) (Kb) (Kb) Case I|Case II
100 1150 -4.5 26.5 3.6 1.5 860 - -- - --
200 1420 =23 42 5.2 2.2 1200 7.5 56.5 7.0 3.0
300 1570 -34 64 7.0 3.0 1420 23 75 8.3 3.5
400 1680 -44 89 8.6 3.7 1570 . 34 929 9.5 4.1
Case I: Elastic constants of inclusion are equal to those of the mantle. -

Case II: The inclusion is fluid after transition.

The values for pressure, temperature and elastic moduli are after Clark and

Ringwood (1964) .

Ringwood (1975) .

Note: Compressional pressure is indicated with negative sign.
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The propagation of elastic
fracturing can be extremely fast

77 under the above mantle conditions
/// (Griggs and Handin, 1960; Orowan,
24 1960); release of stored elastic

stress in rocks by such sudden tensile

@

Flg. . Schematic diagram of fracturing can generate earthquakes.
an 1nclu51on or inhomogeneous ' ) ' )
spot showing areas of stress - In Fig. 3, the coesite~
release (hatched areas) by © quartz trgnsformatlon curve .
volume expansion. (Takahashi, 1963; Boyd, 1964; Akimoto,
1972), the solidus of eclogite (Ito
and Kennedy, 1971), and the oceanic

////////' __‘\\\\\\\ ; geotherm (Clark and Ringwood, 1964)

are superimposed. If the transition
of coesiterquartz occurs at point A
////,,~\\\\\ (i.e., under 36 kb lithostatic pres-
sure and at about 1240°C, correspond-
' ing to approximately 120 km depth),
the pressure is released (A»A') around
the tip of the inclusion (Fig. 2).
Although the temperature may be
slightly lowered momentarily due to
' adiabatic expansion, the line A->A'
crosses the solidus at about 13 kb
compressive pressure, and the sudden

Fig. 2. Development of maximum pressure release can initiate melting
'stress around the tip of a penny- around the tip'of Fhe inclusion _ )
shaped or thin lenticular inclu- (hatched area in Fig. 2). If coesite is
sion of aspect ratio 1:100, which not present in sufficient quantity as an
has undergone a volume expansion 1nhomogene1§y in the upper man?le, such
of 10 percent due to coesite~ transformation may not result in a general
quartz phase transformation under melting process.
lithostatic, compressive pressure ]
of 36 kb (corresponding to a _ The relation between shape
depth of about 120 km). The -~ ratio of the spheroidal inclusion and
contours indicate the distribution - magnitude of maximum possible stress
of maximum compressive stress . _ release is shown in Fig. 4. 1In this
component (negative and in kb). calculation a spheroidal inclusion of
The bulk modulus and rigidity of spinel is assumed to undergo phase
quartz are respectively 0.377 Mb transformation into olivine with a
and 0.443 Mb (4kimoto, 1972). volume expansion of 10.8 percent
The Poisson's ratio and rigidity (Akimoto and Fujisawa, 1968; Akimoto,
of the mantle are assumed to be 1972).

0.3 and 0.658 Mb respectively
(after Bucher and Smith, 1971). : The stress release due to

phase transformation is minimal for a

Fig. 3. The coesite+quartz transition
(after Takahashi, 1963:; Boyd, 1964;
Akimoto, 1972) basalt-eclogite phase
relation (after Ito and Kennedy, 1971),
and the oceanic geotherm (after Clark
and Ringwood, 1964) are superimposed.
EC: eclogite: PL-EC: plagioclase;
GA-GR: garnet granulite; BA: basalt;
TZ: +transition zone. The line A->A'
indicates the path of stress release
by phase transformation at the tip of
the inclusion.
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Fig. 4. Theoretical values of

maximum possible stress release due
to a volume expansion of 10.8 per--
cent (after 4kimoto and Fujisawa,
1968; Akimoto, 1972) for the phase
transition spinel-+olivine. The
magnitude of the maximum possible
thermal tensile stress release (kb)
is shown as a function of the shape
ratio of oblate-spheroidal-prolate
inclusions. The bulk modulus and
rigidity of olivine are assumed to
be respectively, 1.63 Mb and 0.83
Mb (after Kumazawa and Anderson,
1969). The Poisson's ratio and
rigidity of the mantle are assumed
to be 0.283 Mb and 0.871 Mb respec-—
tively (after Clark and Ringwood,

1964). If such a high thermal
tensile stress release occurs, one,
or the following combination of

energy dissipation processes may
take place in the upper mantle:
fracturing, phase transformation,
fluid migration, diffusion and
plastic flow (in order of time rate).

spherical inclusion but increases
with the aspect ratio for both pro-
late and oblate inclusions (Fig. 4).
The magnitude of stress release at
the tip of an oblate inclusion is
larger than at that of a prolate one
and maximum stress release occurs at
the tip of a very thin, oblate or
lenticular inclusion. Our estimation
shows that for such an extremely thin
inclusion, stress release becomes
almost constant beyond a certain
aspect ratio.

The maximum possible stress
release due to spinel-+olivine transi-

tion is estimated theoretically to be a-
If spinel-olivine

bout 120 kb (Fig. 4).
transition can occur under litho-
static compressive stress of about
120 kb in the mantle (4kimoto and
Fujisawa, 1968; Ringwood, 1975,

p. 403), the stress at the tip of the
phase-transformed inclusion would
become practically zero (i.e., the
tensile stress virtually equals the
lithostatic load).

As fracturing in rocks can
occur under very small tensile stress
(Brace, 1964), fractures can form
when stress release by phase trans-
formation (i.e., tensile stress)
would just overcome the lithostatic
stress.

of such
likely

A positive increment
a stress differential is most
to occur in areas of tectonic insta-
bility. This can trigger the onset
of local partial melting by the

propagation of fracturing through grain boundaries and interconnecting the

zones of weaknesses

(such as lenses of melt), which also show a high degree

of interconnectedness during experimental partial melting of pyrolite (Waff

and Bulau, 1977).
Williams,

along grain boundaries.

Such interstitial fluids can act as

The presence of interstitial glass in pyroxenite from
Arizona (Pike and Schwarzman,

1977) suggests that melts form
"Griffith's"

inhomogeneities or inclusions which become effective loci for stress

concentration.
ing process,
tion of minimum tension.

Savage

(1969) has shown that when stress affects the melt-
lenses of melt tend to propagate perpendicular to the direc-
The "liquid-bonded aggregate" concept of rock

melting along grain boundaries has been discussed by Yoder (1976b, p. 164).

Where inhomogeneities or fluid inclusions of various aspect ratios

exist in the upper mantle

(as discussed later), our analysis indicates that

the inhomogeneity or inclusion with lowest aspect ratio is the probable
locus for the initiation of fracturing and the onset of local melting.

Thus,

the magnitude of actual tensile stress relieved, is in actuality,
much less than the theoretical maximum values shown in Fig.

4.
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Yoder (1976b, p. 162) has suggested that the very first melt may
actually begin with inclusions or involve minor phasesS interstitial to the
major phases. If large volume changes by phase transformations of meta-
minor phases continue (shown earlier), melting can initiate from
inclusions or minor phases and proceed with cyclical process of stress
concentration and tensile stress relief (discussed later). However, with-
out the space requisite for volume expansion, melting will stop. The rate
at which the deviatoric stress is relieved largely determines whether this
melting continues or freezes. Interestingly, zones of frozen melt can act
as further inhomogeneities or paths along which future propagation of melt
can occur (Bhattachargi and Koide, in preparation).

STRESS RELEASE BY THE REDUCTION OF RIGIDITY RELATED TO PHASE TRANSFORMATION

In ridge centers, subduction zones, and intraplate areas of
convective plume uprise, differential stress in the mantle can be main-
tained over a considerable period of time, and reduction of rigidity due
to phase transformation can produce substantial stress release under shear
deformation (Figs. 5 and 6). Vaisnys and Pilbeam (1976) have shown that

— phase transformation in a region of mantle
material that is initially in locally stable,
mechanical motion can induce extensive shear

::::f?g deformation associated with a thermal catastro-
65;::::;7 : phe. . «

The fracturing from inclusions or
inhomogeneous spots in the mantle due to phase
transformation would reduce the apparent
rigidity of rocks as fracture 2zones become
significantly weaker under shearing stress,
especially when it is associated with a thermal
catastrophe. The reduction of rigidity and
Young's modulus of rocks have also been observed

J with phase trans-
: formation in experi-
Fig. 6. Development ments (Volarovich
and Gurvich, 1957).

<=

Fig. 5. Schematic
diagram of an inclusion
or inhomogeneity showing
areas of stress release
(hatched) by reduction
of rigidity due to a
phase change under
shearing stress.

i T of maximum stress
B ow release around the tip
S . of a penny-shaped or
d thin lenticular fluid

Total loss
of rigidity may occur

inclusion or fracture
with pressurized fluid

(of aspect ratio 1:100)

due to melting under
the compressive litho-
static pressure of 25
kb and 0.5 kb shearing
stress. The bulk
modulus and rigidity
of the inclusion or
fracture are, respec-
tively, 0.645 Mb and
OMb. The Poisson's
ratio and rigidity of
the mantle are

assumed as 0.3 and
0.658 Mb respectively.
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in the case of solid~
fluid transformation
(i.e., G' = 0). For
such a phase trans-
formation, inhomo-
geneities or inclu-
sions can be consid-
ered as weak zones,
or as fractures
filled with fluid.
Stress release by
shear deformation
generally occurs near
the tip of the frac-
ture boundary (Fig.
6). However, when
volume expansion due



to phase transformation to fluid (melt) is large, the stress release
magnitude also increases. -

The effects of the additional stress release due to volume expan-
sion by melting should be considered for mantle material which has under-
gone phase transformation by shear deformation. The maximum stress (o )
on the boundary of an inclusion or fracture which can produce volume
change (due to melting as well as shear deformation) can be expressed by
the equation (Koide, 1972, 1976):

max

Omax = 1/2 (op + /Utz + b2 12) + oy, ‘ . (6)
where stress release by volume expansion (o ) is Op = Op = Ops and stress
concentration coefficient (b) is

b = 8 (1 - G'/G) {i2——'s—‘ﬁ——”+4(1-v)G} (7)

In equation (7), G' is the rigidity after phase transformation.

If the inhomogeneity or inclusion becomes fluid after transforma-
tion, rigidity G' = 0, and b = 8S/(2-v)nm. Therefore, even a small shearing
stress can cause high stress concentration around a fluid-filled inclusion
or fracture.

According to the Griffith theory of fractures (Griffith, 1925),
new fractures are formed where the maximum stress (op) exceeds the tensile
strength of materials. Although Griffith's energy criteria (Griffith,
1921) are not directly applicable under compression, the tensile stress
criteria can describe the propagation of cracks under compression (Brace
and Bombolakis, 1963).

The equation for the criterion for melting can be written as the
equation of criterion for fracture formation from Griffith's inclusion or
inhomogeneity (Koide, 1972) in which P(t), representing melting pressure
(as a function of temperature) is substltuted for the ideal tensile
strength of a rock

. _ 2(P]’[(1t) - OL) ' /l — Ot -v R
b : P(t) o (8)

m L

Therefore, the propagation of melting spots may be described by the analogy
of the propagation of fractures through grain boundaries and the process of
interconnectedness of lenses of melt by fractures.

DISCUSSION

-

Volume changes caused by phase transformation, whether solid-solid
or solid-fluid, migration of phase transformation zones with melting, and
magma formation in the upper mantle have considerable effect on the
elevation of the crustal surface and on tectonic disturbances in the
earth's crust, depending on how the volume expansion is accommodated.
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Various models related to the tectonic effects of phase transi-
tions and volume changes within the first 100 km of the mantle have been
discussed and summarized by Wyllie (1971b, p. 233-253). The minimum
volume expansion necessary to initiate fracturing, stress release and
probable onset of melting around a thin linear or spheroidal inclusion or
inhomogeneity for depths of 100 to 400 km in the mantle has been estimated
from pressure, temperature and elastic moduli data from the pyrolite model
of Clark and Ringwood (1964) and Ringwood (1975) (Table 1).

In the case of a solid-fluid transformation (Case II), the
required minimum volume expansion can be calculated from equation (5). In
the case of a solid-solid transformation (Case I), the rigidity and bulk
modulus of the inclusion or inhomogeneity must be known to calculate the
volume expansion that can produce melting or fracturing. In this case it
is assumed that the elastic properties of the inclusion are practically
the same as those of the surrounding mantle material. As mentioned
earlier, the rigidity of the inclusion is often reduced at the time of
phase transformations; hence for many solid-solid phase transformations,
the magnitude of stress release should be between Case I and Case II
(Table I).

Volume expansion greater than 4.2 percent by solid-solid phase
transformation (Case I) can cause fracturing at a depth of 100 km (Table
I). Because melting causes larger stress release, volume expansion by
melting greater than 1.8 percent can form fractures at -100 km.

Under the oceanic crust, at 100 km depth, the estimated tempera-
ture is about 1150°C (Clark and Ringwood, 1964) and the melting pressure of
pyrolite is about 4.5 kb (Ringwood, 1975). Therefore, a volume expansion
above 1.5 percent should initiate propagation of a melted inclusion (Case
II), and a volume expansion above 3.6 percent should cause a melting spot
at the tip of the inclusion in Case I. However, under the Shield, the
temperature is too low to produce melting of dry pyrolite at such a depth.

As examples, we calculate that the transition of coesite+a-quartz
with about 10 percent volume expansion and jadeite + quartz-albite with
. 19.8 percent volume expansion (calculated from Clark, 1966) can trigger
propagation of fractures and the onset of melting at depths between 75 -
100 km.

The spinel-+olivine transition resulting in a volume expansion of
10.8 percent at a depth of 300 km can initiate partial melting. The
fosterite + pyroperenstatite + spinel transition with 5.2 percent volume
expansion which occurs at 20-25 kb pressure, corresponding to a depth of
70-80 km, and about 1100°C (MacGregor, 1964) can also trigger onset of
local melting through the propagation of fractures along grain boundaries
and existing cracks. It is interesting that Ito and Kennedy (1971), from
their experimental study, noted a sudden volume expansion of about 4 per-
cent for the transition of plagioclase eclogite to garnet granulite under
a pressure of 19-23 kb at 1200°C, and a sudden volume expansion of about .
4.9 percent from garnet granulite to basalt under a pressure of 11-13 kb
at 1200°C (Fig. 3). .

Areas in the mantle of uprising convection currents, thermal
plumes, or diapirs of subduction zone, all under adiabatic conditions, are
the most favorable sites for fractional melting by phase transformation
(Green and Ringwood, 1967) and stress release, as the lithostatic pressure
can be released more readily. Thus, in areas of uprising currents or
diapirs, mantle material is more likely to be less viscous (a non-Newtonian
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crystal mush or Newtonian melt) or plastic compared to the surrounding,
more elastic, solid mantle material.

An example of the nature and effect of stress release in areas of
viscous diapiric uprise is shown in Fig. 7. High Poisson's ratio (0.4) and
reduced rigidity (0.5 Mb) values were used to represent a viscous core of a

diapir or a rising current.

identical to Fig. 2.
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Fig. 7. Development of

maximum stress release
around the tip of a thin
lenticular inclusion or
inhomogeneity of aspect
ratio 1:100 which has
undergone a volume
expansion of 10 percent
due to coesite—+quartz
transition under a
compressive pressure of
36 Kb. The Poisson's
ratio and apparent
rigidity of the less
viscous mantle are
assumed as 0.4 and 0.5
Mb respectively. Other
parameters are the same
as in Fig. 2.

All other parameters for calculations are

The results (Fig. 7) indicate that
the magnitude of the stress release is some-
what decreased due to the reduction of

" rigidity, but the effects of the reduction of

lithospheric load due to diapiric rise
dominate, creating an increased poten-

tial for melting by stress concentration, and
the propagation of melt from the top of the
diapir by gravitational instability (Ramberg,
1972, Fig. 10). The viscous strain rate
(creep) or the rate of uprise of the diapir
or current is also an important controlling
factor. The effect is similar to Green and
Ringwood's mantle pyrolite model of fraction-
al melting (1967) under adiabatic conditions.

Phase equilibria studies suggest
that under high pressure hydrous minerals
(amphibole, muscovite, phlogopite) break down
below the solidus, and dehydration tempera- ’
ture becomes lower with increasing pressure
(Wyllie, 1971b). The breakdown of such
minerals and concentration of water in thin
films in intergranular boundaries or local-
ized pockets may develop weak zones of
reduced effective rigidity in the upper
mantle at the level where the hydrous
minerals become unstable.

The discharge of volatiles from the
deeper levels of the mantle and their concen-
tration in thin films along grain boundaries
can also drastically reduce the effective
rigidity of the surrounding mantle material.

Dehydration of hydrous minerals can occur in the sinking slab of a
subduction zone under high pressure and low temperature conditions.
Although melting at lower temperature is unlikely, propagation of fluid-
filled fractures can readily occur (see below). This creates conditions
favorable for the migration of volatiles along existing and newly formed

passages.

#

: Green and Radeliff (1975) have shown that CO,-rich fluid may
exsolve, precipitate, and concentrate along crystal defects and grain
boundaries of mantle rocks during increasing deformation. Francis (1976)
has also shown that interstitial amphibole in lherzolite zenolith from
Nunivak Island, Alaska, was formed by infiltration of alkaline fluids in
the upper mantle. These observations suggest that the discharge of vola-
tiles or fluids into grain boundaries or stress released fractures is
significant in mantle deformation. The continuous process of propagation
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of fluid-filled cracks or pockets of melt by fracturing with maximum stress
concentration at the tip followed by stress release (i.e., cyclical stress-
es and failures) can, therefore, be an important process for magma genera-
tion (Uffen, 1959; Yoder, 1976b) in regions of rising temperature and
tectonic instability as well as in its migration in the direction of stress
release. '

A MODEL FOR PROPAGATION OF FLUID-FILLED FRACTURES BY PHASE TRANSFORMATIONS
IN THE UPPER MANTLE

An area of controversy still surrounds the initial stage of melt
formation through the processes of coalescence and melt removal from the

asthenosphere (Fedotov, 1975; Yoder, 1976b). The most important remaining
problem concerns the migration of melt from the asthenosphere (Turcotte and
Ahern, 1977). While many consider that melts from the upper mantle rise as

large drops (Beloussov, 1966; Ringwood, 1974), others think that at least
basic magma rises to the surface in long magma channels or columns with
the base at depths of several tens or hundreds of kilometers (Fedotov,
1975).

If a swarm of micro-fractures and grain boundaries filled with
volatiles and melt, crystal-mush filled with interstitial fluid,or small
pockets of melt are formed as inhomogeneities of a weak zone of lower
effective rigidity, they may become important passages for melt migration
due to mantle deformation.

Rock mechanics experiments (Mogi, 1971) have also shown that the
concentration of micro-fractures in a weak (shear) zone leads to the
development of large brittle fractures under confining pressure. The
propagation of fluid-filled fractures in the mantle, which is similar to
brittle fracture propagation under confining pressure (Brace, 1972), is
essentially controlled by effective stress (og): that is, normal tectonic
stress minus fracture fluid pressure.

When swarms of fluid-filled fractures formed in the upper mantle
due to phase changes become connected by cyclic stress relief into a
continuous system for a vertical distance (h) (Fig. 8), the effective
stress (oe') at the upper tip of the propagating fracture can be expressed
as

o = OgtApgh (9)

[o s A% A])nh

where 0, is the effective stress at the
lower end, Ap is the difference in density
between the fluid and the host mantle rock,

Fig. 8. Diagramatic sketch showing the
probable propagation of fluid-filled
fractures in the upper mantle due to
phase and volume change(s). o.' and Ot
the effective stress at the upper and
lower tips respectively of the fluid-
filled fracture(s), h: the wvertical
extent of a continuous fracture zone or
fracture swarm, and Ap: the difference
in density between the fluid and the host
mantle rock, and g: acceleration due to
gravity.
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and g is acceleration due to gravity.

As the mantle rock is denser than the fluid (i.e., magma with
volatiles) in the fracture system, fractures (with fluid) propagate upwards
because of higher effective stress. The upward propagation of fluid-filled
fractures is accelerated as the vertical distance (h) of fractures becomes
larger. Thus rapid concentration of thin films of pressurized melt or
volatiles (such as C0y, H20) in weak, shear or deep fault zones can lead
to the shattering of more rigid, surrounding rocks with numerous fluid-

filled fractures. 1If fluid pressure in fracture zones under shear is
lowered due to dilatancy, more fluid flows into deep fault or shear zones
(Frank, 1965; Nur, 1972). Thus the accelerated propagation of pressurized

fractures with increasing length and higher effective stress can lead to
rapid or explosive emplacement of volatile-rich magmas and diatremes.

Rapid brittle fracture propagation, rather than viscous diapiric
uprise, is more likely to result when the pressure of the partially melted
mush with increasing volatile content at the roof approaches or exceeds
the lithostatic load. Rates of uprise of such partially melted materials
from the low velocity layer of the upper mantle or from the potentially
unstable hotter boundary zone comprising both mantle and lower lithosphere
are controlled primarily by compressive and differential stresses in the
upper mantle, fluid pressure, effective kinematic viscosity and rate and
volume supply of the fluid. Island arc, subduction zone and plate colli-
sion boundary are most suited for the development of such conditions. .

The effects of the diapiric and forceful uprise of partially
melted mantle material on the elastic lithospheric plate and the develop-
ment of fracture geometry in both oceanic and continental crust due to
diapirism have been discussed earlier (Bhattacharji and Koide, 1975, 1976;
Koide and Bhattacharjgi, 1975a, 1975b).
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TELESEISMIC TECHNIQUE TO LOCATE MAGMA
IN THE CRUST AND UPPER MANTLE

H.M. Iyer and R.M. Stewart
U.S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025

Abstract

Relative traveltime residuals, measured using a large number of
teleseismic P-waves recorded in three volcanic areas (Long Valley and The
Geysers, California; Yellowstone National Park, Wyoming), show that seismic
compressional velocities are lower by 5 to 15% in large volumes beneath
each area. In Yellowstone the teleseismic delays are about 1.5 sec inside
the caldera. They also remain high over a 100-km wide area around the
caldera. The spatial distribution of the delays and their magnitudes
indicate the presence of a large body of low-velocity material with hori-
zontal dimensions corresponding to the size of the caldera (40 km x 80 km)
near the surface and extending to a depth of about 150 to 250 km under the
caldera. Using ray tracing and inversion techniques, it is estimated that
the compressional velocity inside the anomalous body is lower than the
surrounding rock by 15 to 20% in the upper crust, and by 5% in the upper
mantle. In Long Valley and The Geysers the delays are about 1 sec with
a spatial distribution for teleseisms from different azimuths that indi-
cates the presence of a low-velocity body in the upper crust. The diameter
of the body in each area is estimated to be about 10 km and the velocity
contrast to be lower than normal by 10 to 15%. Recent volcanism, surface
geothermal phenomena, high heat flow, and gravity data suggest that hot
rock is present under these areas, and the low seismic velocities are
presumably caused by the hot rock. However, laboratory data demonstrate
that to obtain the observed 10 to 15% reduction in compressional wave
velocities, complete or partial melting of the rock is required. Hence, we
postulate that the low velocity bodies at Long Valley, The Geysers, and
Yellowstone are magma chambers responsible for the observed volcanism.

Introduction

Seismic techniques are ideally suited for detecting and delinea-
ting zones of partial melt. Both P-waves and S-waves can be expected to
travel through magmatic material with lower than normal velocities. Atten-
uation is likely to occur for both types of waves and may be particularly

severe for S-waves (XKubota and Berg, 1967; Matumoto, 1971). Both active
and passive seismic techniques can be used to explore magma chambers and
partially molten zones in the crust and upper mantle of the earth. 1In

the active technique, controlled seismic sources such as explosions and
Vibroseis are used to carry out conventional refraction and reflection
surveys. Unfortunately this powerful technique has been used very little
in the United States for geothermal and volcanological studies, presumably
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because it is very expensive. The technique called "deep seismic
sounding" has been extensively used in the USSR to study the deep structure
of volcanoes in the Kamchatka area (Utnasin et al., 1976). In the passive
seismic technique earthquakes are used as seismic sources. Local and
regional earthquakes can be used to study partial melts in the crust, and
distant earthquakes (teleseisms) are useful to delineate magma bodies in
the crust and upper mantle. 1In this paper we shall dlscuss only the
teleseismic technique of exploring for magma.

Our ‘main interest in partial molten zones is in connection with
efforts to study heat sources in geothermal areas and is part of the U.S.
Geological Survey's seismic monitoring program of geothermal areas. Iyer
(1975) found that teleseismic P-waves recorded by a USGS seismic network
in Yellowstone National Park were significantly delayed as they traveled
under the Yellowstone caldera. Steeples and Iyer (1976a,b) studied tele-
seisms in Long Valley, California (a potential geothermal area) and found
P-wave delays there, though present in a much less spectacular fashion than
in Yellowstone. Steeples and Iyer (1976b) and Iyer and Hitchcock (1975)
have also found that a similar phenomenon may be present at The Geysers,
California, the only place in the United States where geothermal electric
power is currently being generated. In this paper we shall briefly discuss
the teleseismic technique to locate and delineate magma bodies, and the
observations and their interpretation at Long Valley, Yellowstone, and The
Geysers. The Geysers results are preliminary and we shall discuss them
only briefly.

The Technique

The main advantage of using teleseisms to locate magma in the
crust and upper mantle arises from the fact that teleseismic waves travel
to the recording station almost vertically from underneath. Thus, if a
recording station located in a volcanic area detects an anomalous velocity
decrease for teleseisms from several azimuths, the material causing the
anomaly can be constrained to a cone bounded by the rays. The anomalous
increase or decrease in velocity encountered by a seismic ray along its
travel path is estimated by a quantity termed the traveltime residual,
which is obtained by subtracting from the observed traveltime (TO) between
the source and recording station a theoretical time (TT) computed from a
known earth model. The definition of traveltime residual can be represent-
ed by the following equation:

R = TO - TT . (1)

The observed travel time TO is simply the difference between the
arrival time at the recording station of the appropriate seismic phase (in
the present case the P-phase which is the first arrival) and the origin
time of the seismic event as determined by the National Earthquake Informa-
tion Service of the U.S. Geological Survey. To calculate the theoretical
traveltime (TT), the available information on the station coordinates and
the coordinates of the earthquake hyopcenter are used to compute the
angular distance (A) between the station and event in degrees. The travel-
time TT is then calculated from the traveltime table using A and the event
depth. . The choice of the actual traveltime table is relatively unimportant
as long as the study involves interpretation of variation of residuals in
a small area. In practice we have found it convenient to use the travel-
time table for P-phases compiled by Herrin (1968a). R contains, in addi-
tion to the crust and mantle effects under investigation immediately
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beneath the recording station, effects due to mislocation of hypocenter of
the event, errors in origin time and anomalous velocity.structure along

the path of propagation. In order to minimize contributions from both
source and path effects to the residual R, we compute a quantity called
relative residual (RR). It is assumed that there is at least one seismic

station in our network which does not "see" any anomaly under it and can
be considered to be a "normal" station. Relative residual RR is obtained
by subtracting from the observed residual R at any station the residual
RREF at the reference station.

RR = R - RREF ‘ (2)

The spatial variation of the final number RR over a seismic net-
work for events from various azimuths and distances, contains the required
information on the velocity structure in the crust and upper mantle under
the network. Note that a positive value of RR (delay) means that the
seismic ray reaching the station is slowed down by travel through material
with lower than normal velocities. The teleseismic residual technique
outlined here has been extensively used in seismology to study regional
crust and upper mantle structure (Tryggvason, 1964; Bolt and Nuttli, 1966;
Tyer and Healy, 1972). For a comprehensive list of references on studies
using traveltimes of seismic waves see Hales and Herrin (1972). We shall
discuss the method of inverting this type of data, using qualitative and
quantitative techniques to delineate the shape and structure of anomalous
bodies, in the discussion of specific case histories given below.

Case Histories

Léng Valley, California

Long Valley caldera, a 17 x 32 km elliptical depression located
on the east front of the Sierra Nevada about 30 km south of Mono Lake, is
a collapse feature formed as a result of voluminous rhyolitic ash flow
eruptions which occurred about 0.7 m.y. ago (Bailey et al., 1976). The
presence of surface geothermal phenomenon and higher than normal heat flow
(Lachenbruch et al., 1976) suggest that a magma chamber may be present
under the Long Valley caldera. Steeples and Iyer (1976a,b) analyzed tele-
seismic data collected at Long Valley, using a portable seismic network
deployed in the area for nine weeks in 1973 to record microearthquakes and
seismic noise. The following three figures taken from Steeples and Iyer
(1976a) summarize the main findings.

Fig. 1 is intended to show that the region outside the Long
Valley caldera is normal. The average relative residuals (based on 3 or
more readings) with respect to reference station LVC (shown by triangle)
for events along three azimuths are shown at each station. Note that for
the southeast and northwest azimuths we have earthquake sources at 5
distances in the range of 20 to 90 degrees (1 degree = 111.19 km), whereas,
for the southwest azimuth the events occur within a distance range of 85
to 95 degrees. In terms of our study this means that for southeast and
northwest azimuths the angles of incidence at the surface, measured from
vertical, of the seismic rays vary from 15 to 35 degrees, whereas, for the
southwest azimuth the angles of emergence are in a narrow range around 16
degrees. The main feature to note in Fig. 1 is that the relative residuals
are quite small outside the Long Valley caldera, thus justifying our choice
of LVC as the reference station.. Figures 2a and b show relative residuals
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at caldera stations for events along the northwest and southeast azimuths,
respectively. These values have been corrected for surface effects using
a model for the upper 6 km of the crust obtained by HZl17l (1976) from a
seismic refraction experiment. The correction is -0.2 sec at all stations
except one location over the Owens River Valley where the value is -0.35
sec. The main features to observe in Figs. 2a and b are the zones of
positive residuals (delays) in which the values are 0.25 sec. These zones,
indicated by the hachured regions in the figures, occur on the sides of the
caldera opposite to that where the seismic rays enter the caldera. 1In
other words, the zone of large delays occurs inside the caldera near the
southeast boundary for northwest events and near the northwest boundary
for the southeast events. As we shall show below, the most likely cause of
this reversal of the spatial pattern of delays for sources at opposite
azimuths is a low-velocity anomaly deep under the center of the caldera.

_ Coldera’ Catdera Fig. 3. A model for the
v e vy wu e ~ low-velocity body under Long
Valley caldera assuming a
‘ 15% decrease. Heavy lines

indicate required path
lengths of rays to produce
the observed delays at the
surface. Velocities outside
the stippled zones are
normal. The circle is a .
sectional view of a sphere of
14 km diameter required to
contain the anomalous rays.
20 Figure adapted from Steeples
and Iyer (1976a).
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Figure 3 shows an approximate northwesterly vertical cross-section
of the Long Valley caldera in which the ray paths for events in opposite

azimuths are shown. The delays observed at the surface (corrected for
near-surface effects) are converted into equivalent path lengths in a
medium in which the P-wave velocity is lower than normal by 15%. These

path lengths are shown by the heavy lines in the figure. The rays along
which the delays are negligible confine the anomalous ray paths to within
the stippled zone in the figure. From the refraction survey by HZl1l1 (1976)
it is known that anomalous low-velocity zone does not occur above 7 km in
the crust, and the interaction of the normal rays that reach station LVE and
LVM outside the caldera on the northwest and southeast sides,respectively,
(see Fig. 3) shows that the low-velocity zone occurs above 40 km depth.
Using these contraints, the maximum dimensions of the body can be restricted.
The 15% velocity decrease which we have assumed makes the diameter of the
anomalous body smaller than the diameter of the available zone. If we use
5% velocity contrast the anomalous ray paths become much larger than the
zone bounded by the stippled bands. Hence, we conclude that the actual
velocity decrease is somewhere between 5 and 15%. The projection of

" the body in a horizontal plane is almost directly under the post-caldera
resurgent dome of about 10 km diameter in the central part of the western
half of the caldera.

From the volcanism, heat flow, and surface geothermal phenomena
in Long Valley it seems reasonable to assume that the low-velocity body is
the magma chamber which is the geothermal heat source. As we shall show in
the section on interpretation of low-velocity data, it is difficult to
uniquely estimate from P-wave velocity reduction alone the state of partial
melt in the magma chamber. :
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Yellowstone National Park, Wyoming

The spectacular geothermal phenomena for which Yellowstone is
world famous is a result of recent volcanism. The volcanic evolution of
Yellowstone is discussed in detail by Christiansen and Blank (1972) and
summarized by Eaton et al. (1975). According to them, the most recent
episode of volcanism in Yellowstone began about 150,000 years ago, and the
youngest flows are only about 70,000 years old. The existence of a
voluminous Quaternary rhyolite plateau, a large collapse caldera (70 km x
45 km), and the ongoing evidence for high conductive and convective heat
flow (Morgan et al., 1976; Fournier et al., 1976) provide adequate evidence
that a heat source is still present under Yellowstone. Indirect evidence
from other geophysical data such as gravity and aeromagnetic data also
indicates that magma may be present in the upper crust under Yellowstone
(see Smith et al., 1974; Eaton et al., 1975; Bhattacharyya and Leu, 1975).
A preliminary study of P-wave delays from data collected using a l2-station,
telemetered, seismic network in Yellowstone National Park showed the
presence of a large body of low-velocity material underlying the caldera.
The horizontal dimensions of the body were found to be at least as large
as those of the caldera, and the body extended to a depth of at least
100 km (Iyer, 1975). 1In order to obtain a detailed definition of the low-
velocity body, the seismic network was extended to have 26 stations and was

~supplemented with field measurements using portable seismic stations.
A summary of the detailed findings is given below.
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Fig. 4. Relative residuals in units of hundredths of a second in
the Yellowstone region are shown near dots which indicate station !
locations. Numbers in parentheses indicate number of values used
in estimating average when less than 3 readings were available.

The contour interval is 0.5 sec (50 units). The Yellowstone National
Park boundary is shown by straight ‘and zigzag lines, and the caldera
boundary is shown within the park. 1Island Park caldera is shown in
the southwest of Yellowstone caldera. (a) Events from the southeast
azimuth , (b) Events from the northwest azimuth.
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Figures 4a and b show the average relative residuals for events in
the distance range of 25 to 95 degrees and located approximately along sou-
theast and northwest azimuths from Yellowstone. The values are in units of
hundredths of a second. Reference stations SG and RP1 (not identified in
the figure), located at the northeast boundary of the Park, are used to
compute relative residuals. Most of the averages are based on 5 or more
readings. However, there are a few stations where only 1 or 2 readings
are available. The number of values at these stations are indicated in
parentheses. Contours of average residuals for southeast events are shown
in Fig. 4a. Note that the 0.5 sec (50 unit) contour extends to a distance
of about 100 km outside the caldera boundary in the northwest direction,
whereas to the southeast and northeast the delays decrease rapidly with
distance. This is exactly the surface delay pattern to be expected from
the presence of a deep low-velocity body situated underneath the caldera.
The one sec (100 unit) contour gives an almost faithful shadow of the
caldera, the slight northwesterly offset from the geologically mapped
caldera boundary being due to the angle of emergence of teleseismic waves
(about 20° to the vertical) at the surface. Note the persistence of delays
> 0.5 sec in the southwesterly direction indicating that a low-velocity
anomaly is present under the Island Park caldera and the Snake River Plain.
This is interesting because it is believed that Yellowstone is the present
day manifestation of volcanism which migrated along the Snake River Plain.
K-Ar dating of rocks by Armstrong et al. (1975) shows that volcanism
progressed at the rate of approximately 2.5 cm/yr along the Snake River
Plain towards Yellowstone. If the 0.65 sec delay seen about 100 km to the
southwest of Yellowstone is any indication, it looks as if low velocity
material may be present in the deep crust and upper mantle under the Snake
River Plain.

Results for the northwest events (Fig. 4b) show a spatial delay
pattern which is quite the opposite from that of southeast events (Fig. 4a).
The 0.5 sec contour extends to a distance of about 100 km to the southeast
of the caldera edge, and the one sec contour appears like an elongated
picture of the caldera with a southeasterly offset. Note how the delays
become quite small on the northwest side of the caldera in the region where
large delays were seen for the southeast events. Available data show
persistence of more than 0.5 sec delays to the south of Yellowstone
National Park, an effect which may be due to low-velocity structure in the
crust and upper mantle under the Snake River Plain.

A plausible interpretation of the patterns shown in Fig. 4a and b
is that they are not caused by upper crustal effects such as caldera fill
but by the existence of a deep low-velocity body underneath the caldera.

To obtain a qualitative estimate of the horizontal and vertical dimensions
of the low-velocity body, we have projected the observed relative residuals
onto a vertical plane striking northeast and passing through the center of
the caldera (Fig. 5). 1In doing this we make the ad hoc assumption that
delays associated with events on the caldera side of a station are caused
by ray paths through anomalous material under the caldera. Rays reaching
the station are traced backwards toward the event,and the delays are
projected on the plane at a point whose horizontal position depends on the
event azimuth and the vertical position deprends on the event distance. (The
farther the event,the steeper is the angle of emergence of the seismic ray
at the surface,and the deeper its travel path under the caldera.) A
spherical earth model and Herrin's velocity distribution for the crust and
upper mantle (Herrin, 1968b) are assumed in the ray path computations. We
would like to emphasize that the ray path computations do not take into
account the complicated velocity structure which we are proposing. This
exercise is intended only to give an approximate idea of the shape and of
the low-velocity body under Yellowstone. The results are shown in Fig. 5
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Fig. 5. Projection of relative
residuals (shown by numbers in
units of tenth of a second) on a
northeast striking vertical plane
passing through the center of
Yellowstone caldera (see inset at
the bottom left hand corner).
Horizontal distance from the
caldera center is shown as negative
to the northeast and positive to
the southwest. Each value is an
average using available data in
cells of 10 km x 10 km. Contour
interval is 0.5 sec (50 units).
The shaded vertical column is the
projection of the caldera into
the crust and upper mantle.

in which numbers are relative resi-
duals in units of tenth of a second,
averaged over 10 km x 10 km cells.
The projected residuals, in a gross
sense, give a picture of the north-
east-southwest cross-section of the
low-velocity anomaly under the
Yellowstone caldera. Most of the
values of one sec and over are con-
fined to the crust, 0.7 to one sec
are found up to a depth of about

150 km, and the 0.3 to 0.7 sec up to
250 km. At depths greater than

250 km the residuals decrease to
slightly negative values. Since the
negative residuals are, in general,
quite small it is difficult to be
certain whether the change in sign
of the residuals is real or not, but
the depth at which this occurs
indicates the lower detectable
boundary of the body. On the north-
eastern half of the plane the
positive residuals are mostly inside
the caldera boundary projected into
the upper mantle. On the southeast
side, however, delays at high as

0.5 sec can be observed up to a depth
of 200 km as far as 100 km outside
the caldera boundary. If we assume
that the delays are directly related
to velocity under the caldera from
the surrounding normal rock, the
following picture of the southeast-
northwest cross-section of the low-
velocity body emerges.

(i) A large velocity
contrast from the surroundings in the
crust and sub-crustal regions, the
contrast becoming less with depth and
disappearing around 250 km.

(ii) A possible well-defined
northeast boundary which almost
coincides with the extension of the
caldera wall into the upper mantle.

(iii) An ill-defined south-
west boundary with indication that
lower-than-normal velocities persist
under the Snake River Plain.

A similar cross-section was made along the northwest-southeast
direction. Because available data for this line were mostly from southwest
events in a narrow distance and azimuth range, the definition of the body
was poor. The data, however, agree with the definition of the body along
the northwest cross-section discussed under (i).
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We would like to emphasize that the estimate of 250 km depth to
the bottom of the anomalous body, obtained using the cross-section plot,
is an approximation and, therefore, should be considered only as a possible
upper limit. This is because the data used to delineate the deeper parts
of the body are from stations which are at least 100 km away from the
caldera boundary, and no corrections for the contribution to the residuals
from possible crustal thickness and structure variations in the region
have been applied. Also, we have not taken into consideration the
refraction effects, inevitable in a complex body of this type which we
propose here. Using an inversion technique for modeling the three-
dimensional structure of the crust and upper mantle under Yellowstone, we
shall show below that the low-velocity body can be seen even at a depth of
100 km. Using all available data,our conservative estimate for the lower
limit to the depth of the body is approximately 150 km.

It was possible to invert the residual data from the 26 permanent
stations to obtain a three-dimensional velocity model of the crust and
upper mantle in the Yellowstone region using a technique developed by A4k<,
Christoffersson, and Husebye (1977). This technique requires data from a
large number of teleseisms with good azimuth and distance distribution in
order to provide adequate statistical stability in the final results.
Therefore, it was not possible to use data from the portable stations for
this analysis. This limitation restricts the depth of modeling to about
100 km since the horizontal dimensions of the permanent array were adequate
" only up to this depth.

Fig. 6. A three-dimensional

/ g\
/ \ model for the crust and upper mantle
- l \ in the Yellowstone region. The
/
/ \

] 50 K0

numbers show percentage variation of
P-wave velocity from an average
earth-model at four mean depths
indicated along the ordinate. The
0% contour is shown at each level.
An outline of Yellowstone National
Park together with Yellowstone and
Island Park caldera boundaries and
the horizontal scale are shown at
the surface. The vertical scale
is arbitrary.

10 KM

30 KM

Figure 6 shows results of
the three-dimensional inversion in
the form of a shelf-diagram. The
program computes horizontal varia-
tion of velocity in 4 layers located
at depths 0 to 20, 20 to 40, 40 to
70, and 70 to 100 km. Velocity
variations are plotted on horizontal
"shelves" located at the mean depth
of each layer. The numbers repre-
sent percentage change in velocity
from the initial layer velocity.
Because we are using relative
residuals with respect to a refer-
ence residual obtained by averaging
values from all stations for each event, the numbers do not reflect an
absolute velocity change from any specific earth model. Thus, the zero

55 KM

85 KM
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contour shown in the figure does not indicate that velocities are higher
than the normal earth on one side and lower than normal on the other side
in an absolute sense. Rather, it is only a guideline to indicate the
relative changes in velocity occurring across the horizontal plane. The
following observations can be made from Fig. 6.

(i) The highest velocity contrasts occur in the top 20 km of the
crust as indicated by the values shown at the average level of 10 km in the
shelf diagram. The velocities within the caldera seem to be less than the
surrounding velocities by about 15¢.

(ii) Velocity contrast decreases to about 7% between 20 and 100
km depths.

(iii) The area within the zero contour, an approximate indicator
of the horizontal size of the low-velocity body at various depths, seems.
to be much larger in the lower crust and upper mantle than the caldera
size. :

The results discussed above using the cross-section and shelf-
diagrams (Figs. 5 and 6) taken together give us a conceptual picture of the
shape and dimensions of the low-velocity body and the velocity contrast
within it. One question we are unable to answer using teleseisms is the
depth to the top of the low-velocity body. In the absence of a detailed -
refraction survey across Yellowstone, we can only speculate on this using
other available geophysical data. Two lines of evidence are available to
us. Smith et al. (1974) notice a lack of earthquakes at depths greater
than 5 km under the Yellowstone caldera. Pitt and Weaver (oral communi-
cation) have not observed earthquakes deeper than 8 km. Smith et al.

(1974) suggest that the absence of deeper earthquakes can be explained by
abnormal pore pressures and temperatures favoring stable sliding instead

of brittle fracture. It is quite possible that increased pore pressures
are caused by a high degree of partial melt and associated fluids at depths
greater than 5 km under the Yellowstone caldera. If we assume that the
low-velocity body is a manifestation of partial melt, the lack of deeper
earthquakes may be an indication that the top of the low-velocity material
is located deeper than about 5 km.

Smith et al. (1974) and Bhattacharyya and Leu (1975) have estima-
ted the depth to the Curie isotherm under the Yellowstone region by
spectral analysis of residual aeromagnetic anomalies. Smith et al.
estimate the depth of the Curie isotherm to be about 13 km below the
surface under the Yellowstone caldera. They suggest that assuming a Curie
Point temperature of 575°C it is possible to obtain a condition of partial "
melt for water-saturated granite at the indicated depth of 13 km.
Bhattacharyya and Leu have contoured the spatial variation of depth to the
Curie isotherm in Yellowstone. Their results show that depths to the Curie
isotherm are 8 to 10 km in most of the southeastern half of Yellowstone
National Park, including the caldera, and 10 to 15 km in the northwestern
half. There is a clear region in the central part of the caldera where the
isotherm is most shallow (7 to 9 km). This region almost coincides with
the lower seismic velocities found in the upper crust (Fig. 6). .

From the above studies we conclude that the top of the low-
velocity body is at a depth of 5 to 13 km under the Yellowstone caldera.
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The Geysers, Califdrnia /

The Geysers area is very interesting from several points of view.
The Geysers-Clear Lake volcanic field is young (2.5 to 0.3 m/yr) and over-
lies rocks of the Franciscan assemblage and Great Valley sequence (Hearn,
Donnelly, and Goff, 1976). The high heat flow in the region and presence
of a large, almost circular, negative gravity anomaly have been interpreted
as due to a shallow, crustal magma chamber ‘(Isherwood, 1976). ' The Geysers
is one of a few dry-stream geothermal systems in the world and the only
place in the United States where electric power is being generated from
geothermal energy.

Preliminary results using teleseismic residual data collected by
a seismic network operated by U.S. Geological Survey indicate that delays
greater than 1 sec may be present over The Geysers-Clear Lake volcanic
field in the region defined by the gravity anomaly (Iyer and Hitchcock,
1975). The data are not adequate to delineate in detail the magma body:if,
indeed, the delays are due to a magma body. We have completed a detailed
teleseismic survey using a portable network in the area to see if a magma
chamber is present under The Geysers-Clear Lake volcanic field.

Interpretation

It is required to interpret a decrease of compressional velocity
of about 10% in the upper crust in the case of Long Valley (and probably
The Geysers) and in the lower crust and mantle in the case of Yellowstone.
Wave velocities in rocks depend upon temperature, stress, mineralogy, chemi-
stry, fabric, crack and pore properties, and the nature of fluid inclus-
ions. Variation of any of these quantities will cause a velocity change.
In estimating the extent to which these possible causes may actually ac-
count  for observed velocity decreases, we consider first solid, uncracked
or slightly cracked rocks. ‘

The presence of extensive volcanism, surface geothermal phenomena,
"and high heat flow indicate that higher-than-normal tempratures are present
under each of the geothermal areas discussed above. Measurements of
temperature derivatives of compressional wave velocity in rocks and single
crystals indicate that a 10% velocity decrease requires a temperature
increase in excess of 1200°C (Simmons and Wang, 1971; Anderson et al.,
1968; Stewart and Peselnick, 1976; Peselnick et al., 1977; Fielitz, 1971).
Phase diagrams for lower crustal and upper mantle rocks (Wyllie, 1971) show
that a temperature increase of this order would cause a large degree of
melting in the crust and mantle. A maximum temperature increase of some
800°C above normal geothermal temperatures is permitted if melting is not
to occur. Thus, no plausible case can be made for a 10% velocity decrease
due strictly to temperature effects unaccompanied by melting. The sensi-
tivity of velocity to stress is rather low in intact rocks and lower in
single crystals. A negligible velocity change can be attributed to any
plausible stress difference in the absence of cracking or recrystallization.
We will deal with these phenomena below. Variations in mineralogy
resulting in density changes and changes in chemistry as expressed by mean
atomic weight changes will also affect velocity. These effects can be
estimated using Birch's law (Birch, 1961). A 10% velocity decrease
requires a density decrease of the order of 0.25 g/cm3, or an increase of
mean atomic weight of about 1.0, or some combination of the two. Density
reduction would result in gravity decrease and an increase in elevation if
isostatic compensation is complete. A density decrease of 0.25 g/cm3
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distributed over a body the size of the Yellowstone anomaly would result

in a gravity decrease of several hundred mgal and an elevation increase
approaching 10 km if compensation were complete. An elevation excess of
400 m and a Bouguer anomaly of -100 mgal have been observed in Yellowstone.
At Long Valley a decrease in density of 0.25 g/cm3 within the low-velocity
zone (Fig. 3) would give rise to a gravity decrease of about 10 mgal, which
is compatible with the observed anomaly attributable to a deep body (Kane

et al., 1976). Thus, the Yellowstone velocity anomaly cannot reasonably be
attributed solely to density changes, while that of Long Valley perhaps
can be. Insufficient data exist at this point to draw conclusions concern-

ing density anomalies at The Geysers. As far as chemical changes are
concerned, injection and subsequent solidification of basaltic magma could
raise the mean atomic weight of graniitc rocks by 1 if almost total
replacement occurred. Lower crustal rocks are commonly taken to be
basaltic and would not suffer a change in chemistry because of intrusion
of basaltic magma. The upper mantle, if it consisted of forsterite, would
have to have added 50% by weight of basaltic material to have mean atomic
weight change by one. Larger amounts of basaltic material would be
required for peridotites. ‘It should be remembered that mean atomic weight
changes of 1 lead to velocity decreases of the required magnitude (10%)
only if density is constant. Thus, the volume of basic material injected
must not only be substantial; there must also be some process operating
that prevents any increase in density associated with increased mean atomic
weight. We know of no plausible combinations of mineralogical changes that
will simultaneously cause higher mean atomic weight and/or decrease density
throughout the wide range of temperatures, pressures, and compositions
found in the mantle and crust. For this reason such changes seem an
unlikely sole cause of the Yellowstone anomaly. On a more localized scale,
such as at Long Valley, one may speculate that perhaps changes in minera-
logy due to heating and fluid circulation have resulted in a velocity
decrease. Preferred orientation of minerals in rocks can lead to velocity
anisotropy exceeding 10% (Birch, 1960, 1961; Peselnick et al., 1974).
However, since there is strong evidence that the magnitude of the observed
teleseismic delays are azimuthally independent, in order to explain the
velocity anomaly, one requires an anisotropy figure symmetric about a
vertical axis with velocity such that waves arriving nearly vertically
have 10% lower velocity than waves that travel horizontally. In Yellow-
stone we have evidence from Nevada Test Site nuclear explosions that large
delays are observed for seismic waves that travel at much shallower angles
to the vertical than teleseisms ((C.S. Weaver, oral communication). Hence
anisotropy is an unlikely explanation for the observed anomaly.

The brief treatment above deals with uncracked or slightly cracked

rock. It has been well established that introducing cracks or voids into
an elastic matrix will lower velocity (Birch, 1960; O'Connell and Budiansky,
1974). Stresses associated with observed volcanism, combined with high

fluid pressures in ascending liquids, may possibly contribute to cracking
in rocks in the upper crust and could, perhaps, contribute to the Long
Valley velocity anomaly. At greater depths, however, the high confining
stress and temperatures present would seem likely to eliminate dry cracks
through simple closure, creep and healing processes. :

Partial Melting. Combinations of the effects mentioned above are,
perhaps, quantitatively sufficient to account for the observed low-velocity
anomalies. However, all of the effects of the recent volcanism in these
areas depend upon transfer of hot, chemically reactive material from the
mantle to the surface.  In view of this it seems quite reasonable to
explain the observed anomalies in terms of partial melting in the upper
mantle and the injection of melt or associated fluids into the crust,
particularly in the case of Yellowstone. Partial melting has been postulated
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as the probable cause of the upper mantle seismic low-velocity zone by
several authors (4Anderson and Sammis, 1970; Spetzler and Anderson, 1968;
Hales and Doyle, 1967). This mechanism seems to us the most direct,
simple, and plausible mechanism to explain observed P-wave velocity
decreases.

Even though experimental data on velocity in partially melted
rocks are scarce, the qualitative behavior of seismic waves in partially
melted rocks is fairly well understood. Partially melted and saturated
media can be considered as two-phase aggregates. Gassman (1951) and Biot
(1956) developed equations for wave velocity and attenuation in a porous
elastic medium in which fluid may flow between pores. In another approach
to understanding elastic properties of two-phase aggregates Eshelby (1957)
considered the effect of introducing.an inclusion into a solid medium. He
showed that inclusions of ellipsoidal shape produced effects that could be
calculated with relative ease. The concepts introduced by Biot and Eshelby
have been amplified by many workers (0'Connell and Budiansky, 1974;
Geertsma and Smit, 1961; Kuster and Toksoz, 1974a,b; Walsh, 1968, 1969;

Wu, 1966). The important inference that can be made from available
information is that different theories arrive at many similar conclusions
that are important with respect to partially melted rock. In particular,
wave velocity and attenuation in a solid medium with liquid inclusions are
predicted to depend upon the wave velocity of the solid, compressibility
and viscosity of the fluid, the relative volume of the fluid, the shapes

of the fluid inclusions, and the frequency of the elastic wave. The exact
effect of any one of these quantities upon seismic wave propagation depends
upon the value assigned to each quantity, but the following generalizations
can be made. Wave velocity in the aggregate varies directly with wave
velocity in the solid, <Znversely with fluid compressibility, <nversely with
fluid concentration and flatness of the fluid inclusions. Tests of the
theoretical predictions have been made by several laboratory experiments.
The largest body of experimental data results from examining the role of
water and hydrocarbons in porous rocks (Hughes and Cross, 1951; Hughes and
Kelly, 1952; Wyllie et al., 1956, 1958).

The results for saturated rocks in general agree with theoretical
predictions and enable us to interpret results in partially melted systems.
Melting experiments are hampered by difficulties inherent in simultaneous
high temperature, high pressure measurements. As a result most work has
been done on non-geologic systems at relatively low temperature, and high
pressure has generally been avoided. Takeuchi and Simmons (1973) investi-
gated compressional and shear velocities in rocks saturated with ice and
water with confining pressures to 2 kb. Small concentrations (1%) of flat
cracks lead to a velocity decrease of 3 to 6% for compressional waves and
3 to 9% for shear waves as the water in the cracks passed from solid to
liquid. Spetzler and Anderson (1968) investigated partial melting in brine
systems. They found that 3.5% liquid by volume leads to a decrease of 9.5%
in compressional velocity and 13.5% in shear velocity and that 7% of liquid -
cause corresponding decreases of 28% and 40%. Melting and Woods' metal

has been investigated by Mizutani and Kanamori (1964). The sample was of
eutectic composition and quantitative relations between melt volume and
velocity were undetermined. It was found that compressional velocity

rapidly decreased by 10% and shear velocity by 40% as the melting point
was approached. The total decrease in compressional velocity upon complete
melting was 20%. Pokorny (1965) also reported results for Woods' metal
whose composition was not specified but was not eutectic. The onset of
melting produced a sharp compressional velocity decrease and a peak in
attenuation of compressional waves. Stocker and Gordon (1975) examined the
effects of partial melting in Cu-Pb and Cu-Ag alloys of varying composi-
tion. Sharp velocity decrease was observed at the eutectic temperature
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for each alloy as melting occurred. They showed that velocity and attenua-
tion in their partially melted alloys were functions of volume fraction of
melt and melt-pocket geometry. Murase and McBirney (1973) measured
compressional and shear velocities, attenuation, viscosity, and density in
several rocks passing through melting. The behavior of velocity is quite
similar to that described for systems above. As partial melting commences,
shear and compressional velocities decrease rapidly. No estimate could be
made of the relative volume of fluid at a given temperature. Thus, for a
wide spectrum of materials experiments have demonstrated qualitatively
similar behavior of wave velocity when fluid inclusions are introduced.

The common effect of partial melting in materials is to rapidly decrease
velocity, and the studies of velocity in water saturated rocks indicate
that the process is dominated by the presence of small volumes of fluid in

flat inclusions. Consistency from experiment to experiment and agreement
between theory and observation is less pronounced in the case of attenua-
tion measurements. In summary it can be said that the behavior of velocity

in partially melted systems is qualitatively well understood, while
attenuation is less so, and that data on physical properties of rocks and
their melts at high pressure would be welcome for quantitative purposes.

The question arises, is it possible to compute the percentage of
partial melt using measurements of P-wave velocity decrease? Anderson et
al. (1972) using Walsh's (1969) equations for elastic wave velocities in a
two-phase material composed of randomly oriented, penny-shaped partially
melted zones, plotted curves for compressional and shear velocities as a
function of melt concentration for various aspect ratios of the zones. The
material was supposed to be solid olivine matrix containing ellipsodial
pockets of basalt melt. Since we have only P-wave measurements, it can be
seen from the curves (see their Fig. 6) that aspect ratio is a critical
factor, and estimates of partial melt percent can vary by almost two orders
of magnitude for a given velocity contrast. However, if it is possible to
obtain P-wave and shear-wave measurements simultaneously, theories such as
the above can be used to estimate percentage of partial melt. An ideal
seismic experiment designed towards partial melt estimations should involve
velocity and attenuation measurements of P and S waves.

Conclusions

Presence of positive P-wave residuals (delays) of about 0.5 sec
in Long Valley caldera and their spatial variation have been interpreted
as evidence for the presence of a low-velocity body under the central part
of the caldera. The body is approximately a sphere of about 14 km radius,
and its top is at a depth of 7 km from the surface.

In Yellowstone large delays are seen within the caldera and some-
what smaller delays are seen outside the caldera as far as 100 km away from
the boundary. Qualitative interpretation of these delays is consistent
with the existence of a deep, low-velocity body extending to a depth of
150 to 250 km fron the surface. A quantitative inversion of the tele-
seismic residual data shows that a 15 to 20% decrease of compressional
velocity may be present in the upper crust, the contrast decreasing to
about 3 to 5% in the upper mantle. The horizontal dimensions of the low-
velocity body are about the same as those of the caldera at the top but may
- be much larger at depth.

Preliminary P-residual results from The Geysers-Clear Lake

volcanic field show that a low-velocity body may be present underneath the
area as well. :
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Compressional wave velocity decrease can be caused by various
factors. Our preferred explanation, in view of the high heat flow and
evidence for vertical transport of magma in these areas, is that the
velocity decrease is caused by partial melt. It is not possible to
uniquely determine the degree of partial melt using P-wave data alone.
However, the teleseismic delay data provides an important clue in under-
standing the size and shape of magma bodies in geothermal areas.
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5. ABSTRACTS OF OTHER PAPERS PRESENTED AT THE CONFERENCE

Nd ISOTOPIC CONSTRAINTS ON THE PARTIAL MELTING
HISTORY OF THE MANTLE AND BASALT PETROGENESIS

D.J. DePaolo and G.J. Wasserburg
Division of Geological and Planetary Sciences
California Institution of Technology
Pasadena, California 91125

144 The decay of “*7sm to 3na (r1/2 = 1.06 x 10M yr) causes **3na/

Nd in a rock reservoir to increase with time at a rate proportional to
its Sm/Nd. Rock types representative of the crust and mantle have widely
Varying Sm/Nd and therefore presently possess characteristic 143Nd/144nN4.
Thus 143Nd/144Nd of young igneous rocks can indicate if they are derived
from the crust or mantle. Recent mantle-derived rocks can be used to study
variations of l43Nd/l44Nd in the mantle, and thereby determine its chemi-
cal structure and the time that heterogeneities formed.

143Nd/144Nd and Sm/Nd have been measured in young basalts and in
granitic crustal rocks with ages up to 3.6 AE. Measured 143Nd/144Nd are
given here as fractional deviations in parts in 104 (e§HUR) from the value
expected in a chrondritic Sm/Nd reservoir today. A value of egHUR = 0 in
a rock of zero age indicates that it has been derived from a source which
has remained unfractionated relative to chrondrites over the history of the
earth. ESHUR > 0 indicates a source with Sm/Nd higher than chrondritic,
and ESHUR < 0 indicates a source with Sm/Nd lower than chrondritic.

ESHUR of young basalts ranges from 0 to +10, and is drastically
different from that of ancient continental crustal material. A composite
of North American shale has €CHUR = -14.4 while Archean granitic rocks fall
in the range -25 to -40. Variations of 143Nd/144Nd in young basalts
indicate that significant differences of Sm/Nd are preserved in the mantle
for times > 1 AE. Oceanic tholeiitic basalts are derived from mantle which
is distinct from that yielding oceanic alkali basalts; and there is
indication that the mantle beneath oceanic areas is grossly different from
that underlying the continents. Continental basalt has e§HUR = o,
consistent with deviation directly from mantle with chrondritic Sm/Nd.
Oceanic tholeiites have eS§HUR & +10, indicating that the mantle from which
they are derived has had Sm/Nd ~ 10% greater than chrondritic averaged
over the age of the earth. The chemical layering of the mantle indicated
by these data may have formed very early in the earth's history or it may
have evolved gradually as a result of continuing large-scale differentia-
tion processes such as upward transport of material to form continental
crust. This problem will be discussed in light of the Nd isotopic data,
which may place strict limits on the timing of mantle differentiation.

Alkali basalts and nephelinities have REE patterns which are
highly fractionated relative to chrondrites. It has been suggested that
they may be derived from unique mantle regions which are themselves highly
fractionated. If alkali basalt is derived from an ancient, fractionated
mantle source, then it would be expected to have a large negative ESHUR
similar to that of North American shale. Alkali basalt from the mid-
Atlantic ridge, however, has egHUR = 4+ 5.4, indicating that it has been
derived from a source with an essentially chrondritic REE pattern. Thus
the REE patterns of these basalts must be the result of fractionation occur-
ing during partial melting and extraction of the melts from the mantle.
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THE GENERATION OF ULTRAMAFIC AND TRONDHJEMITIC MAGMAS ALONG THE
EASTERN MARGIN OF THE SOUTHERN APPALACHIAN BLUE RIDGE

Jeffrey Greenberg and Stephen Kish
Department of Geology
" University of North Carolina
Chapel Hill, North Carolina 27514

Since the late Precambrian rifting of the southern Appalachian
Blue Ridge, this region was affected by two separate episodes of magmatic
activity. One was related to the rifting and involved the ascent of
ultramafics from the mantle, and the other, coming much later, resulted
from crustal convergence producing high soda granitic intrusions. At
present, these intrusions are represented by two belts; that of the
ultramafics extends from Alabama to Maryland and lies to the northwest of
the felsic pluton belt. Dunites, peridotites, and more altered litholo-
gies such as serpentinite and soapstone are included in the hundreds of
Blue Ridge ultramafics. The linear trend of the felsic plutons contains
outcrops from central Alabama through central Virginia and includes large
trondhjemite-granodiorite bodies as well as associated dikes and sodic
pegmatites.

Attenuation and the ultimate rupture of the Blue Ridge 700 or
800 my ago allowed the formation and ascent of ultramafic diapirs to a
position in the lower crust. Y olivine petrofabrics, igneous flow and
recrystallization textures, and isoclinal folding support the diapiric
mode of intrusion. As a consequence of flow, any possible cumulative
textures were obliterated. Many of the peridotites are characterized by
the association of forsterite (Fog); average) with variable amounts of
chromium-diopside and bronzeite (Eng9s average). High Cr/Al spinel is a
minor constituent. Mineral paragenesis indicates early crystallization
of the peridotites under spinel lherzolite conditions with subsequent
changes occurring as plagioclase lherzolite stability is attained. In the
specific case of the Webster-Addie dunite, incipient partial fusion of
spinel lherzolite is exemplified by clinopyroxenite melt veinlets which
have intruded across the primary flow lamination.

Associated with some of the better preserved ultramafic masses
are marginal rims of amphibolite, troctolite, and forsterite-amphibole-
plagioclase rock. Because previous ideas have held that the southern
Appalachian ultramafites existed as deformed ophiolites, the plagioclase
and amphibole bearing margins were considered as gabbroic portions of
ophiolites. It is more likely that the mineralogy and small volume of
these rocks represent outer zones of relatively low temperature, hydrous
crystallization. No evidence currently exists for the production of
volcanism consanguineous with the intrusion of ultramafic material.
However, if the intrusions were indeed generated during rifting, then they
may be related to parental material of the Catoctin rift volcanics and
associated felsic plutons.

It was apparently not until the general time of tectonic deforma-
tion that the ultramafics were emplaced into late-Precambrian clastics and
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alongside the basement gneisses. Their present tectonic position is not
far removed horizontally from the original fracture line of intrusion.

Tectonic deformation intensified after ultramafic emplacement and
culminated in a dynamothermal peak during which a great volume of high
sodium felsic magma was intruded through deformed metasediments. It is
odd that no more mafic or more potassic igneous lithologies of the same
age exist in the region. In addition, no volcanics are now preserved from
the Taconic subduction episode. However, Ordovician bentonites are found
in the foreland sedimentary units of the folded Appalachians.

A majority of the rock types of the sodic series have Rb-Sr ages
in the range of 390-450 mg. All samples with the exception of a few
pegmatites possess low Sr87/Sr86 initial ratios (.704 - .706). This fact,
together with the linear arrangement of the plutonic bodies, leads to the
conclusion that these rocks were the result of partial melting of subducted
"oceanic" material of quartz tholeiite composition. It is conceivable
that a rather small degree of partial melting of quartz normative eclogite
under mantle pressures could produce the high sodium, low calcium and low
potassium bulk chemistries observed. The eclogite mineralogy also might
explain the retention of mafic components from the crystallizing melt.
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THEORETICAL AND EXPERIMENTAL ASPECTS OF PARTIAL MELTING

M.J. O'Hara
Grant Institute of Geology
University of Edinburgh
Edinburgh, Scotland EH9 3JW

Concepts which are important to the interpretation of field
relationships in peridotite complexes which have undergone partial melting
are listed and methods of establishing the compositions of the liquids
extracted are summarized. Potentially confusing chemical and field
relationships may result from interactions between residual peridotites
and the partial melts as they cool. Fossilized partial melting processes
from constructive and destructive plate margins, and several mid-plate
environments, are reviewed together with the evidence they yield about .
extent of melting and magmas produced. '
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A COMPARISON OF PARTIAL MELTING PROCESSES BENEATH HAWAII
AND THE SOUTHERN RIO GRANDE RIFT

J.B. Reid, Jr.
Q21, LASL :
Los Alamos, New Mexico 87545
G.A. Woods
School of Natural Sciences
Hampshire College

Amherst, Massachusetts 01002

Large suites of spinel lherzolite inclusions from Salt Lake Crater,
Hawaii, and Kilbourne Hole, New Mexico, have been analyzed in detail for
the major elements of their four phases, and for their modal compositions.

The nodules of each suite were divided into three groups --
"undepleted parent"(A), "intermediate" (B), and "refractory residue" (C) --
on the basis of Cr/(Cr+Al+Fe+*3) spinel, a parameter shown to be a highly
sensitive measure of a rock's relative degree of depletion in fusible
constituents (Reid, 1972, E®S, 53, 536). Average bulk compositions for
groups A, B and C have been used to determine hypothetical melt composi-
tions as functions of the percentage of partial melting, and the choice
of parent and residue materials. The remarkably close similarities
between the continental and oceanic settings are shown in the following
table. Columns 3 and 6 show that similar olivine tholeiites could be
produced with similar degrees of partial melting in each case.

Kilbourne Hole Salt Lake Crater
A C melt 22% A C melt 24%
A-C A-C

Si0» 44 .50 44,28 45.23 44 .41 43.44 47.04
TiO0? 11 .01 .45 .08 .03 .24
Al203 3.54 1.02 12.44 3.72 .99 12.13
Crp0z .43 .54 .05 .54 .50 .66
Fe0 8.16 7.52 10.40 8.09 7.52 9.79
Mno0 12 .10 .18 .08 .08 .08
Mg0 39.17 45.41 17.03 39.47 46.46 17.52
Ca0 3.62 1.01 12.85 3.26 .68 11.20
Na,0 .35 .07 1.36 .39 .08 1.34
Total 100.00 99.96 - 99.99 100.04 99.79 100.00
olivine 60 74 60 75
opxX 20 22 24 21
cpx 18 3 13 3
spinel 2 1 3 1




OXYGEN FUGACITY OF THE MANTLE ENVIRONMENT

Motoaki Sato
U.S. Geological Survey
959 National Center
Reston, Virginia 22092

Knowledge of the range of oxygen fugacities prevailing in the
upper mantle is essential in conducting partial melting experiments
designed to simulate magma generation. Results of the direct determina-
tion of the intrinsic oxygen fugacities of minerals of mantle origin by the
solid-electrolyte method indicate that these minerals probably formed in
a reducing environment where graphite was stable. In some cases, the
presence of submicroscopic graphite trapped within a mineral was indicated
by a slow downward shift of f0; at temperatures above 1100°C. The auto-
reduction pattern was duplicated by adding a minute quantity of synthetic
graphite to silicates formed in the upper crust, which normally do not
show the reduction behavior.

In view of the measured f0, values of mantle minerals, common
occurrence of graphite or diamond in kimberlite-type nodules, predominance
of CO2 in fluid inclusions found in mantle-derived minerals, and the low
solubility of C02 relative to the solubility of H20 in magmatic melts, I
propose that the oxygen fugacity of the upper mantle is essentially
buffered by the graphite-C02 system. With increasing depth, eventually
the diamond-carbonate system would replace the graphite-C0; system.

Partial melting of the mantle buffered by the graphite-C02 system
would produce a magma of low Fe3+/Fe2+ ratio. The reaction of C with H>0
during the ascent of the magma would produce CO2 and Hp. Hydrogen would
escape rapidly toward the surface because of its very high mobility,
whereas less mobile C02 would largely be suspended in the magma as highly
compressed bubbles and be partly trapped as fluid inclusions in liquidus
minerals. Hydrogen would continue to escape even after carbon is exhausted,
as Hp can be produced also by the thermal dissociation of H50, thus
accounting for the origin of most of the Fe3+t in a terrestrial magma. The
hydrogen loss would also account for the undersaturation of magma with
respect to H20 in some cases. The strong contrast in the oxidation state
between terrestrial magmas and lunar magmas can be explained by assuming
that H20 was scarce in the lunar interior and that the reduction by carbon
predominated over the oxidation by hydrogen loss in the dry lunar magma
in spite of probable similarity in £0, in the source regions.
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Olivine-orthopyroxene assemblages in the Red Mountain alpine
peridotite range from dunite to olivine-orthopyroxenite with accessory Cr-
spinel (1-3 vol. %) and clinopyroxene (1-5 vol. %). Compositional
layering is locally well-developed; elsewhere only a pyroxene foliation is
preserved. Mg/Fe of silicates and spinels increases with olivine/
pyroxene ratio regardless of position in the mass. The main compositional
variations are in Al05 (opx: 0.9-3.6 wt.%; cpx: 1.0-3.5 wt.%; spinel:
11-45 wt.%) and Cr03 (opx: 0.1-0.8 wt.%); cpx: 0.2-1.2 wt.%; spinel:
26-62 wt.%). (Al)px varies sympathetically with (Xpj;) spinel but these
variables can be shown to be functions of T, possibly of P, and also of
bulk compositional variations, where T and P refer to conditions of
subsolidus equilibration. However, layering and other bulk compositional
variations are pre-equilibration in origin and probably formed during
partial fusion.

Some of the layering is clearly secondary in origin; partially
transposed earlier orientations are locally preserved. Microtextures are
cataclastic or recrystallized, with the most pervasive cataclasis in
pyroxenite layers. The evidence is consistent with an origin of the
layering by forceful segregation of pyroxene in near solid peridotite.
Differential movement within the peridotite mass facilitated layer forma-
tion and consequent squeezing off of interstitial liquid. The lithologic
diversity at Red Mountain can be accounted for by two processes operating
during partial fusion: (1) a physico-chemical process whereby different
degrees of partial melting left a residuum variably depleted in Ca, Na and
Ti, and (2) a mechanical process which tended to segregate olivine from
pyroxene within the mass.
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