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Single-pyroxene geothermometry and geobarometry
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A bstract

The ava i lab le  exper imenta l  da ta  fo r  the  equ i l ib r ium reac t ions  tha t  charac ter ize  e i ther  the

enstat i te-diopside join or the Al-concentrat ion in pyroxenes coexist ing with an Al-r ich phase

are  reduced to  th ree  or  four  thermodynamic  cons tan ts ,  en t ropy ,  en tha lpy ,  and change in

v o l u m e ( t w o p a r a m e t e r s f o r t h e E n / D i  j o i n )  U s e d t o g e t h e r w i t h a s e t o f p a r t i t i o n c o e f f i c i e n t s

derived from natural assemblages, these values al low independent est imates of pressure and

tempera ture  to  be  made fo r  any  s ing le  pyroxene phase in  equ i l ib r ium wi th  a  second pyroxene

and w i th  e i ther  sp ine l  o r  garne t ;  o therw ise ,  min imum tempera tures  and max imum pressures

are  ob ta ined.  Th is  method has  been checked lo r  cons is tency  bo th  in te rna l l y  (s im i la r  es t imates

for  coex is t ing  pyroxenes in  equ i l ib r ium )  and ex terna l l y  (agreement  w i th  independent  observa-

t ions) .

The geothermometers and geobarometers are appl ied to xenoli ths from "kimberl i tes" of the

Nava jo  Ind ian  Reserva t ion  and to  oph io l i tes  f rom Western  Newfound land,  fo r  bo th  o f  wh ich

part ial recrystal l izat ion into hydrous phases often prevented the use of any other technique.

This method is also applied to determine pressure-temperature paths for part ial ly reequil i -

brated textures, to derive pyroxene geotherms from xenocrysts, to detect disequil ibr ium

between coex is t ing  pyroxenes,  and to  revea l  ac tua l  equ i l ib ra t ion  fac ies  o f  complex  para-

geneses .  These s tud ies  suppor t  ( l )  a  remarkab le  shor ten ing  o f  Newfound land oph io l i t i c

sequences ,  o r ig ina l l y  100 km th ick ,  (2 )  a  sha l low or ig in  fo r  the  Nava jo  Reserva t ion  "k imber -

l i tes , "  and (3 )  an  under th rus t ing  o f  ocean ic - type  l i thosphere  beneath  the  western  Un i ted

Sta tes '  c rus t .

Introduction

Pyroxene geothermometry and geobarometry have

become fundamental  in  determin ing,  as a funct ion of

depth,  the petro logical  character  and st ructura l  s tate

of  the ear th 's  upper mant le.  There are,  however,

many important  instances in  which only one pyrox-

ene phase is  chemical ly  known, prec luding d i rect  ap-

p l icat ion of  the c lass ical  methods.  Provided that  th is

phase was or ig inal ly  in  equi l ibr ium wi th a second

pyroxene and an Al -phase,  i ts  temperature and pres-

sure at  equi l ibrat ion may be calculated on the basis  of

thermodynamic parameters determined f rom exper i -

menta l  data,  and par t i t ion ing coef f ic ients determined

empir ica l ly  l rom natura l  assemblages.

Exper imenta l  data and theoret ica l  der ivat ions per-

t inent  to  the enstat i te-d iopside jo in and to Al -con-

centrat ions in  pyroxenes in equi l ibr ium wi th an Al -

rich phase (spinel or garnet) have been reviewed re-

cent ly  by Boet tcher  (1974) and Merc ier  and Carter

(1975),  and these data have been used to compute a

ser ies o l  parameters (enthalpy,  entropy,  and change

in volume) which complete ly  descr ibe a g iven system

with in the precis ion of  the data (Merc ier  and Carter ,

1975).  A set  of  equat ions is  der ived here which a l lows

a computat ion of  fu l ly  corrected pressure and tem-

perature est imates f rom the composi t ion of  e i ther

pyroxene phase,  prov ided that  th is  phase has been in

equi l ibr ium wi th another  pyroxene and an Al - r ich

phase,  otherwise,  the est imates obta ined are only

minimum temperatures and maximum pressures.  In

addi t ion to the thermodynamic parameters referred

to above,  these equat ions conta in a set  of  par t i t ion

coefficients derived from hundreds of natural assem-

blages.  Wr i t ten in  th is  way,  any ref inement  of  the

exper imenta l  data can be easi ly  taken into account

through replacement  of  the constant(s)  af fected.

The s ingle-pyroxene technique is  f i rs t  tested on

textura l ly  equi l ibrated metamorphic lherzol i tes,  a lse
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assumed to be chemically equil ibrated, to determine

the uncertainty related to the analyses used. This is

achieved by deriving independently pressure and tem-

perature estimates for each pyroxene phase in various

samples. Whereas the experimental data used to com-

pute the thermodynamic parameters for the ensta-

titeldiopside solvus and for the Al solubil ity in pyro-

xenes (garnet facies) are generally accepted, data on

the Al solubil ity in pure enstatite for the spinel facies

are sti l l  controversial. MacGregor's (1974) isopleths

are accepted as a realistic model for the average natu-

ral pyroxene compositions (Mercier and Carter,

1975), and the validity of such a model is confirmed

by the agreement between maximum and minimum

depths of extension of the spinel facies, derived for

several localit ies from (l) the model based on Mac-

Gregor's data, and (2) geophysical data for the

Moho. and/or the shallowest garnet lherzolites rec-

ognized.

Inclusions in the diatremes in the Navajo Indian

Reservation (Utah-Arizona) and ophiolites from

Newfoundland are discussed here as two applications

of the single-pyroxene technique, since low-temper-

ature transformations (serpentinization, chlorit iza-

rion, etc . . .) and recrystall ization had left a few

remnants of only one of the original pyroxene phases

in most of the samples. Pyroxene xenocrysts from the

Navajo Reservation diatremes have also been in-

cluded in the study.

The method

The general method for f itt ing the available experi-

mental data and for extrapolation of the results from

a given pyroxene phase to the other has been recently

discussed by Mercier and Carter (1975). The method

described here emphasizes the possibil i ty of deriving

fully corrected temperature and pressure estimates

from any single analysis of a pyroxene provided (or

assuming) an original equil ibrium with a second

pyroxene and an Al-phase (spinel or garnet). Al-

though the parageneses used should also contain oli-

vine (reaction given below), the equations might ap-

ply to some olivine-free assemblages, since no

significant differences are found for estimates derived

from peridotites and coexisting reequil ibrated py-

roxenites (recrystall ized tectonites). In experiments,

the enstatite/diopside join, at least, seems insensitive

to the degree of Si saturation (Lindsley and Dixon,

1976). However, many pyroxenites sti l l  have mag-

matic textures and therefore the estimates derived

from them cannot be representative of regional con-

di t ions.

Deriuation of the equalions

The classical pressure equation

P = (RTlnK'+ rAS -  AH)/AV

has been used to fit K' composition-isopleths in P-Z

space (Mercier and Carter, 1975) and to derive en-

thalpy, entropy, and change-in-volume values for the

equ i l i b r i um reac t i ons  re la ted  to  t he  ens ta -

titeldiopside join

(Mg, SirO6)"o* - (Mg, Si2o6)"o*

En""  En""

(K - "  LH . ,  AS- ,  AV- )

and the Al -solubi l i ty  of  pyroxenes in equi l ibr ium

with an Al -phase

MgAl ,SiO6 + MgrSiOa

En""  Ol

3 MgAlrO' * MgrSirOa (sPinel facies)

SP En""

o r

MgAlzSiO6 + Mg,SiOu

En""  En""

i MgaAlz SirOr, (garnet facies)

Gt (K" ' ,  AH",  As" '  A %)

The expressions for the various partit ion coefficients

K' are discussed in a later section. Within the preci-

sion of the data, enthalpy and entropy are constant

and the change in volume can be expressed as a

function of the composition through:

A V : u ' * u " l n K '

where u' and D" are constant for a given reaction.

Considering the equil ibrium reactions given above,

one may write the system of equations

P : (RT ln K.' * ZA.t," - AH,,)/(u,, '  I u"" ln K"')

P :  (RT ln K," t+ rAS. ,  -  AH., ) / (o- '  *  u , " "  ln  K- ' )

Combining these two equations yields independent

temperature and pressure equatlons:

- AH"(u-' * u*" 1n K-')

: Z(R ln K,,' * A.S.)(u"' I o." ln K"')

- AH*(ul -f ul ' ln Kl)
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and

P(R ln K"' * AS")(u.' I u-" ln K-')

+ AE.(R ln K" '  *  AS,)

: P(R ln K-' * AS.)(u"' * u"" ln K"')

+ AH"(R ln K,, ' + A.S.)

be rewritten as:which can

T : lAH"(u-' I u,," lnK,,') - AH",(o"' * u"" LnK"'))

/[(R ln n-"' + AS.Xu,,' * u-" ln K,, ')

- (R ln K,, ' + AS,,)(u,, ' t u"t ' ln K,, '))

and

P : [AH"(R \n K,"' I A^t,,) - AH",(R ln K"/ * AS.)]

/[(R ln i ' , '  * AS"Xu,,, '  * u,,," ln K,,t)

- (R ln K,, ' + AS.Xu"' * u"" ln K,, ') l

For simplification, the dimensionless denominator com-

mon to both equat ions wi l l  now be designated by D.

The equations can be further simplif ied since Do" : g

in all cases (Table 1), and they may be rewritten as

functions of the actual variables lnKo' and lnK*':

7  :  [ (u*"  AH")  \n K- '  *  (u. 'AH" -  u" 'AH-) ] /  D

and

P :  I (RAH")  ln  K. '  -  (RAH.)  ln  K" '

+ (Ar1"A.S.  -  AH,AS") l /D

where

p :  (u-"R) ln K_' . ln  K" '  I  (u , , ' ,  AS,  -  D",R) ln K, , , ,

I @",'R)ln K,, ' I (u", 'AS" - u., 'A,S,,,)

By dividing all the coefficients by o,"R, these ex-
pressions become:

T  :  ( t , . l n  K . '  *  t " ) /  D

Tnst-r I . Enthal py, entropy, a nd change-in-volume data for

enstat i te-diopside and Al-pyroxene-Al-phase systems*

-AH

callmo1

- A C  - A r t

v ,  v ' ,

cal/rcL/oK cal,/kb cal/kb

En/Di

A1-En/Sp

A1-Di/sp

AI-Px/ct

25I95

125  35

14977

6295

14  . 15

7  . 3 I

9  . 8 0

1 6 8 . 0

2 2 Q . O

L 7  T . 4

n

0 .

* AV is apptoxi@ted bg a Jinear function

( v '  +  v "  L n K r  )  .

and

P :  ( n . l n  K . '  I  p " . l n  K " '  +  p , ) /  D

where

D :  l n  K , , ' . l n  K i  *  d , ' l n  K . ' *  d . ' l n  K . ' *  d ,

The values for the various t, p, and d coefficients are

calculated as follows:

t, : AH"f R

tz :  (u* 'AH" -  o, 'AH-) fo-"R

P, : AH"/u."

p, : AH-/u-" : 706 kbar (from data in Table l)

p , :  (AH"AS.  -  A I l . 49 " ) f u - "R

dt -- AS"/ R - u"'/u-"

d"  :  u- ' /u*"  :  2 .26 ( f rom data in  Table 1)

/" : (u-t AS" - u"' AS-)/r,,," R

The numerical value for these coefficients depends

generally on the pyroxene and/or the facies consid-

ered (Table 2), with the exception of pc and d", which

are constant .

Tlst-e 2 Thermodynamic parameters for  the temperature and pressure equat ions*

t  l o K \- 1 '  - - ' t2 (oK) pr  (kb) p2 (kb)A'2- t

At-En/Sp -  8.387

A l -D i / sp  - I 1 . 098

A l -Px / c t  -  6 . 208

+25 .2 I8  - 6308 .5  +45449 .  +351 .32

+32 .765  -7537  . 5  +61 -152 .  +4 I9 .76

+ 3 1 . 0 3 7  - 3 1 6 8 . 1  + 5 3 7 5 4 .  + 1 7 6 . 4 3

+  9 5 . 9 9

+493 .49

- 2 6 4 . 9 0

* hrived f rom data in Table t.
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P y ro xe ne ge o ba ro me t e rs

Whereas a s ingle set  of  thermodynamic parameters

(AH, A^S, u' andu") is needed to define the Ca solubil-

ity in either diopside or enstatite for either facies

(spinel  or  garnet)  as a funct ion of  pressure and tem-

perature (Mercier and Carter, 1975), a specific set of

parameters must be derived for each pyroxene phase

and for  each fac ies to complete ly  def ine the Al  so lu-

b i l i ty  in  pyroxenes.

For  the spinel  fac ies,  the thermodynamic parame-

ters for  Al  (En)  der ived f rom Maccregor 's  (1974)

experimental data have been adopted as a model lor

the t rue Al  so lubi l i ty  for  the average natura l  pyrox-

ene composi t ions character is t ic  of  metamorphic

lherzol i tes (op.  c i t . ,  Cr l (Al+Cr-Na) f rom l5 to 25

percent  in  d iopside and f rom 7 to I  I  percent  in  ensta-

t i te) .  The val id i ty  of  th is  model  wi l l  be tested in  a

later  sect ion.  Al (Di)  isopleths and equat ions were

also obta ined by p lot t ing the Al  content  of  d iopsides

equi l ibrated in  the spinel  fac ies,  as a funct ion of

temperature (der ived f rom the d iopside composi t ion)

and pressure ( f rom the enstat i te  composi t ion) .

For  the garnet  fac ies,  the Al (En)  exper imenta l  and

theoret ica l  isopleths avai lable are a l l  in  accord wi th

Nodi / Aen

Ftc.  I  Al+Cr us Na for  d iopsides equi l ibrated in the garnet

iacies.  The normal izat ion to,4" ,  l imi ts the scat ter ing due to pres-

sure or  temperature el lects and al lows one to der ive the empir ical

,461 expression taking into account Fe3+ Data points below the

dashed l ine correspond to pyroxenes for  which Fe3* is  needed for

s to i ch i ome t r y  Da ta  a re  f r om Nrxon  (1973 ) ,  Boyd  (1974 ) ,  Ah rens

et  o l  (1975) and include a few new analyses

MacGregor 's  exper imenta l  data,  once Wood and

Banno's (  1973) correct ions are appl ied to account  for

sol id  solut ion ef fects.  Unfor tunate ly ,  isopleths could

not  be obta ined for  the coexist ing d iopsides as th is

was done for the spinel facies. Indeed, since the

equivalent  Al  used in geobarometry is  def ined (Mer-

c ier  and Carter .  1975) as:

A :  ( A l  +  C r  -  N a ) / 2

(in atomic fractions for a 6-oxygen formula)

.4 is negative for many diopsides due to the acmite

component  which is  needed for  s to ich iometry.

However,  the unusual  p lot  of  (Al  + Cr)6 i /A"n

against  Nao, /1""  has proven to be a valuable tool  for

obta in ing a geobarometer  based on d iopside compo-

s i t ions for  the garnet  fac ies.  I f  A l (En)  and Al(Di)

isopleths had s imi lar  s lopes wi th lo '  :  k .A"n(where k

is  a constant)  and i f the pyroxenes conta ined no Fe'+,

the data p lot ted would f i t  a  s t ra ight  l ine of  s lope

equal  to  l ,  s ince,  f rom the def in i t ion of  l :

A . ^=  (A l  *  C r  -  Na )a r , / f t

which can be rewr i t ten as:

(Al  t  Cr)ar /A"n :  k  *  Na61/1" ,  (s lope :  l )

If the isopleth slopes were different for the two py-

roxenes,  for  a g iven Na content  a range of  (Al  +

Cr)a i /A"^ values would be obta ined and a large scat-

ter  observed for  th is  p lot  (e.g.  sp inel  fac ies,  F ig.  2) .  I f

the jadei te/acmite rat io  var ied wi th Na content ,  no

linear fit could be obtained; a fortiori, i f acmite was

suddenly appear ing for  Na-r ich composi t ions,  a

change in s lope should be observed.

Actual  data p lot ted in  F ig.  l  f i t ,  wi th very l imi ted

scat ter ,  a  s t ra ight  l ine of  equat ion

(Al  + Cr)61/A. , , :  2 .*  0.82 Naar/ ,4""

o r

1""  = (Al  *  Cr  *  0.82 Na)ar , /2.

By redef in ing the equivalent  Al  va lue for  d iopsides (at

least  in  the garnet  fac ies)  as (Al  - |  Cr  -  0 .82 Na)/2,

one concludes that  both s lopes and or ig ins for  the

Al(En) and Al(Di)  isopleths in  the garnet  factes are

pract ica l ly  ident ica l  s ince,  wi th in the precis ion of  the

data, A"nf Ao1 becomcs equal to unity. Therefore, for

th is  fac ies,  we may tLse the entropy,  enthalpy,  and

change- in-volume data determined for  the enstat i te ,

i f  ,4  is  computed to take in to account  the min imum

tr iva lent  Fe present  in  d iopside (Fe*L :  0 . l8Na).

Whereas the jadei te/acmite rat io  remains prac-

o

E

o
+

A  d i  
:  ( a l + c r  - o 8 2 N o )  / 2

reflfn= o.te ruo
( GARNET FACIES)
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t icalfy constant(ld/ac: 4.56) and independent of the
Na content for diopsides in the garnet facies, there is

no indication that this is true for the enstatite or that

a similar relationship sti l l  holds in the spinel facies (or

in the feldspar one) for which, on a similar plot (Fig.

2) more scatter is observed, in agreement with the

distinct slopes found for the isopleths (Mercier and

Carter, 1975). The steep fit obtained here is primarily

due to a progressive enrichment in Na towards shal-

lower levels of the mantle (behavior opposite to that

of the garnet peridotites) unti l feldspar may form,

then strongly depleting the diopside of its jadeite

component.

Computation of the cofficients K,' and K*'

Mercier and Carter (1975) have derived, on a theo-

retical basis, the following expressions for the parti-

tion coefficients Ko' and Kw' for both facies,
-for the spinel facies,

K- '  :  ( t  -  2vd) / (0.6s0 + 0.700w,r)

:  5 .7 r4w" / ( r  -  2 t y " )

Ko '  :  K " " '  A / ( l  -  A )

-for the garnet facies,

K_'  :  ( r  -  2W,) / (0.862 + 0.276W,)

:14 .493W" , / ( t  _  2 t1 / " )

K u '  :  K " " '  A ' ( 1  -  A )

where the subscripts d and e refer respectively to
diopside and enstatite, and where K",, and K",, are
correction factors to account for maior solid-solution
effects. In both facies,

lY:  Ca/(Ca *  Mg *  Fe" *  Mn)

and

A : ( A t * C r - n . N a ) / 2

where the element symbols represent atomic fractions

for 6-oxygen formulae.

Although Na is generally entirely ascribed to a
jadeite component (op. cit.), the constant ja-

deite/acmite ratio (4.56) observed for diopsides in the
garnet facies might also characterize the coexisting
enstatite or both pyroxenes in the spinel facies. How-
ever, the Al/Na ratio for these pyroxenes is usually so
large that the estimates are not really affected by the
model chosen (n : I or 0.82). The effect of Fe3+ on
the constants f : Di(Opx)/En(Cpx) (Fig. 3) is even

too smal l  (e.g.  0.139 instead of  0.138 for  the garnet

Nod i  /Aen

Ftc.  2.  Al*Cr us.  Na for  d iopsides equi l ibrated in spinel  and

feldspar facies. Even after normalization to ,4.", an increase in

pressure of  equi l ibrat ion lowers (Al*Cr)  for  a constant  Na, in-

dicating a stronger pressure of dependence of Al for diopside.

Accordingly, Al(Di) isopleths (Mercier and Carter, 1975) are

steeper. The large slopes observed prevent any inference about the

existence and/or  amount of  Fe3+ contained in those pyroxenes.

Data are from Ross et al. (1954), white (1966), Kutolin and

Frolova (1970),  Gr i f f in  (1973) and include new analyses.

facies) to yield any appreciable change in the

coefficients oI the K,' expressions.

On the other hand, as originally pointed out by

Wood and Banno (1973),  the Fez+ content  of  the

pyroxene may have an important effect on the Al

concentrations observed at a given pressure. For the

garnet facies, the correction factor,

c
o

E

()
+

g[ ,i: :

. SPINEL FACIES

A FELDSPAR FACIES
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Frc.  3.  Di(Opx) as a funct ion of  En (Cpx).  The re lat ion appears l inear and independent of  pressure or

temperature for both facies The precision is the same for both fits 1o 
= 0 007 or t lOoC on the

temperature estimate). Data from garnet pyroxenites equilibrated in the spinel-lherzolite facies (ariegites)

are omit ted,  and would plot  in intermediate posi t ions.  Mercier  and Carter 's  (1975) or ig inat  scale was

erroneous and is  now corrected.  Data as in Figures I  and 2.

s
o
o
E

t
c

9
o

K," -- (xf,b6f,b'/e - A)(x#)3

may be computed from the chemistry of enstatitel

and coexisting garnet. Mercier and Carter (1975)

showed that the garnet composition could be inferred

with sufficient precision from the enstatite analysis

only, thus allowing a similar correction to be made

for xenocrysts, as the pe/Mg partit ioning between

pyroxenes and garnet depends mainly on temperature

and bulk composition. The correction has the effect

of reducing both temperature and pressure, and

therefore true corrected estimates are obtained only

through an iteration readjusting alternatively temper-

ature, pressure, and correction factor. The isopleths

presented here (Fig. 4A, B) show the definit ive K*"

values derived from enstatite in both cases, plotted as

functions of -lnK.' and total Mg (atomic fraction)

for either pyroxene:

K""  :  6 .004 -  3.025 Mg

+ 0.702 ln K,, . '

K" "  :  3 .298 -  1 .781 Mg

(ens ta t i te )

+ 0.128 ln K, , '  (d iopside)

'The pyroxene structural  formula is  obtained as fo l lows:

-Ca ,  Na  and  Mn  i n  M2 ;  T i  and  C r  i n  M  l .

-Fe'*  in Ml  (e i ther 0.18 Na or 0) ;  Fe'?+ :  Fe -  Fd+.

-XY i  :  (A l  Fd+  C r  +  Na ) ,22  -  ' l i ,  
XL :  A l  -  XX i

-XY&- - Fe2+ (T - 400)/3000; XY3,*: Fez+ Xofi,*.

-Mg is then dist r ibuted to obtain X' t '  :  X- ," .

This formula is  consistent  wi th e i ther expression used for ,4.  The

partition coefficient for Fe is approximated for the range of tem-

peratures deal t  wi th f rom Virgo and Hafner 's  (1969) exper imental

data and Wood and Banno's (1973) model .

Mercier and Carter (1975) gave a similar theoreti-

cal expression for the correction factor K." (spinel

facies) and the corrections were negligible since K""

was generally close to I for natural peridotites. How-

ever, only divalent-cation effects were investigated

and,  as shown by MacGregor and Basu (1976),  the

effect of Cr solid solutions may be very important. Cr

[or actually Cr/(Cr + Al - Na)] isopleths were con-

structed in -lnK,'/A space for pyroxenes from a

series of localit ies. The Cr isopleths were found to be

practically parallel to the -lnK,' axis and K"" was

tentatively considered as a function of Cr only, for

the common range of I values. A similar result is

obta ined by MacGregor and Basu (1976) as thei r  Cr

isopleths for spinel, in P-T space, are parallel to

MacGregor's (1974) Al isopleths for pure aluminous

enstatite. Considering the relationship i l lustrated in

Figure 4C,

Cr/(Cr + Al + Fe'*)"o : Crl(Cr * Al - Na)ar

: 2.2 Cr/(Cr * Al - Na)""

the following empirical correction factors are pro-

posed:

K" "  :  0 .9  +  2 .84  (C r /  A ) '  ( ens ta t i t e )

K," : 0.9 + I .29 (Cr,/ tr| ' t (diopside)

Tests and applications

Before applying the above technique to solve geo-

logical problems for which fresh 4-phase ultramafites

are not  avai lable,  one has to determine that  (1)  the Al

En (CPX) mole o/c
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solubil ity model for pyroxenes equil ibrated in the

spinel facies is valid, and (2) the precision to which

the pressure and temperature estimates are made is

not lowered when using the single-pyroxene tech-

nlques.

Verffication of the method

A sequence of xenolith textures may be defined for

any Vesuvian volcano, and through the comparison

of over 150 xenolith associations they are grouped

into four categories, each one assumed to represent a

type of section through the upper mantle where ba-

saltic magmas are generated. Among these various

types, one is highly metasomatized and intruded by

abundant pyroxenitic veins, and another is character-

ized by dominant blastogranular to blastolaminar

textures,2 and is systematically associated with major

'zThese textures have been described as "porphyroclastic" by
Mercier  and Nicolas (1975) However,  th is ear ly name appears

now semant ical ly  incorrect  (J.  D.  Blacic,  pers,  comm.,  1975) and
its replacement by "blastogranular" (or by "blastolaminar" for the

most highly sheared facies) is suggested to permit standardization

of  the textural  nomenclature.  Al ternat ively,  one might  consider

these textures as porphyroclastic subtypes (Mercier, 1972).

Cr PARTITION
(Spinel fociasl
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l i thospheric shear-zones (e.g. Baja California, Pyr6-

n6es). The last two types of sequences, referred to as

Bor6e (France) and Kilbourne (Kilbourne Hole, New

Mexico) types, are texturally equil ibrated metamor-

phic lherzolites with a log-normal grain-size distribu-

iion (homogranular textures) for all the sil icate

phases. Samples from these last two sequences are

therefore regarded as i l lustrating steady-state flow in

the upper mantle.

The Bor6e and Kilbourne types of sequences have

no identical textural facies in common. However, a

similar grain-size is observed at any depth (Fig. 5),

and this grain size increases regularly with depth, in

agreement with the conclusions previously drawn

from the study of xenolith associations (Mercier,

1972). The depth range obtained in this study for

Kilbourne Hole samples (25-60 km; Fig. 5) is in good

agreement with that previously inferred from the pet-

rology (equil ibrium conditions between the xenoliths

and host lava; MacGregor, 1970). The very high pres-

sure estimates obtained from the high-temperature

peridotites from the Boree-type sequence are not in-

compatible with a spinel-facies equil ibrium; indeed,

the exceptionally high bulk Crl(Cr * Al) ratio (over
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Frc 4. K"" correction factors (garnet facies) and Cr partition (spinel facies). Data sources as in Figures I and 2. (A) K." for enstatite as

a funct ion of  - lnK. '  and Mg, respect ively mainly dependent on temperature and bulk composi t ion.Kc" p lot ted is  the def in i t ive value

af ter  i terat ion.  (B) K""  for  d iopside.  Kr"  p lot ted has been actual ly  computed f rom the coexist ing enslat i te composi t ion.  (C) Cr part i t ion

coefficients between enstatite and diopside or spinel for natural spinel peridotites.
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FIc.  5.  Pyroxene geotherms for  Bor6e-type and Ki lbourne-type

upper mantle sections, documented by xenoliths from Vesuvian

volcanoes (new analyses).  These xenol i ths are textural ly  equi l i -

brated and illustrate steady-state flow. The mean grain sizes (for

ol iv ine in the case of  the poik i loblast ic  texture)  are indicated in

millimeters following the name of the textures The data are for

samples f rom Boree (France) and Black Rock Summit  (Nevada)

for the Bor6e-type sequence, and from Kilbourne Hole (New Mex-

ico) and Cerzat (France) for the Kilbourne-type sequence. The

arrows indicate the maximum uncertainty due to the model

adopted,  for  ( l )  Kauai ,  Hawai i ;  (2)  Dish Hi l l ,  Cal i fornia,  and

Beauni t ,  France (Moho.) ;  (3)  Frank Smith,  South Afr ica (Moho.) ;

(4) Frank Smith, South Africa (sp,/gt facies boundary). Spinel

garnet  facies boundary calculated as for  Figure l l .  Data as in

Figures I and 2.

l /3, inferred from the mineral compositions) shifts

the spinel/garnet facies boundary to relatively higher

pressures (MacGregor, 1970).

Plots of either temperature or pressure determined

from one pyroxene, against that obtained from the

second one (Fig. 6), for apparently equil ibrated as-

semblages, i l lustrate the degree of confidence attained

with this technique (Z a 30'C; P t 3 kbar) for either

spinel or garnet facies. Although exceptionally large

discrepancies are considered as an indication of dis-

equil ibrium, in which case the error made by using

the classical methods is several t imes the standard

deviation given above, systematic divergence could

also indicate analytical problems.

Inclusions from the Nauajo Reseruation " kimberlites"

The "kimberlites" from the Navajo Indian Reser-

vation (Utah-Arizona; near Four Corners) have been

studied by many (e.g. O'Hara and Mercy, 1966;

McGetchin and Silver, 1970) for their xenoliths

and/or xenocrysts. However, they do not have most

of the characteristics of true South African kimber-

l ites, such as penetrative serpentinization ofboth lava

a n d  i n c l u s i o n s ,  a b u n d a n t  m e t a m o r p h i c  g a r -

net-lherzolite xenoliths, pyroxene-ilmenite inter-

growth nodules, etc. They are more comparable to

European basaltic diatremes (Mercier, 1972), al-

though the Navajo Reservation diatremes contain

abundant pyrope xenocrysts, rarer crystals of clino-

and orthopyroxenes, amphiboles, serpentine, and

(limited to the southern diatremes; Fig. 7) abundant

olivines. Shoemaker (1956) recognized a northeastern

minette province in which occur the "kimberlites,"

and a monchiquite province restricted to the Hopi

Buttes area. Whereas the monchiquite contains no

deep-crustal or mantle xenoliths, the minette has

abundant deep-crustal inclusions and rare peridotites

(e.g. at" Ship Rock; Baldridge et al., 1975), and the

"kimberlites" offer abundant xenoliths of both types.

As is commonly observed, the "kimberlites" are asso-

ciated with a dome structure of the basement, evi-

denced (Fig. 7) by the curvature of the restored Plio-

cene structural surface, which is interpreted as

il lustrating post-Pliocene magmatic activity, at least

at depth.

The lherzolite xenoliths (hundreds of samples) ap-

parently fall into two distinct petrographic suites, the

highly hydrated peridotites which never contain fresh

brown picotite and are commonly transformed into

an aggregate of chlorite, amphibole, magnetite, and

chromite, and the fresh spinel lherzolites similar to

those found in many basaltic volcanoes (Mercier and

Nicolas,  1975).  Smith (1974,  1975) not iced some

slight differences in composition, implying differ-

ences in equil ibration conditions, for these two

groups; however, new data (Fig. 8) show a complete

overlap for the equil ibration conditions of both

series. Pyroxene xenocryst compositions yield a

rather well-defined oceanic-type geotherm (Fig. 8),

ignoring a few diopsides (dots in figure) on the basis

of their magmatic origin inferred from TilCr plots

(Fig. 9). Equil ibration conditions derived from the

lherzolites generally yield much lower pressures, even

crustal conditions (Fig. 8), and temperatures often

well above the normal geotherm.

One hydrated peridotite sti l l  contains a large (0.4
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mm) garnet  crysta l  surrounded by a th ick and com-

plex kelyphi te corona inc luding remnants of  a Kl -

type kelyphi te (Lasnier ,  1972:  MK in F igs.  8 and 9)

later  reequi l ibrated (K2,  K3) ,  the last  event  being a

general  ch lor i t izat ion.  The bulk composi t ion of

pyroxene inc lus ions in  th is  garnet  agrees wi th an

or ig inal  shal low garnet- fac ies or  ar iegi te-subfacies

equi l ibr ium. No real is t ic  pressure and temperature

estimates were derived for pyroxenes in this peri-

dot i te  or  in  most  of  the other  samples by assuming a

garnet- fac ies equi l ibr ium and by apply ing the correc-

t ion for  e i ther  t rue garnet  composi t ion or  that  de-

r ived l rom the pyroxene chemist ry .  Nei ther  o l  these

peridotites can be regarded as metamorphic garnet

lherzol i tes comparable to those f rom South Afr ica or

f rom other  Amer ican k imber l i tes.  This is  a lso sup-

por ted by garnet  factor  analys is  (F ig.  l0) .  Whereas

the crystals from metamorphic lherzolites, depleted

or  not ,  have a factor-8 value above 95 (Merc ier ,

1976a), in the present case the maximum value ob-

ta ined (86)  is  s t i l l  typ ical  of  magmat ic  u l t ramaf ic

parageneses. Analyses of selected garnets most l ikely

to have come from lherzolites on a color basis, to-

gether  wi th dozens of  analyses f rom the l i terature,

have been processed in a vain attempt to find evi-

dence for  deep upper-mant le inc lus ions.  The Ti  and

Cr concentrat ions observed are in  accord wi th the

resul ts  f rom factor  analys is ,  wi th the except ion of  one

xenocryst  present ly  not  understood.  The garnet  per i -

dot i te  descr ibed above,  thus,  may be e i ther  a meta-

somat ized garnet- lherzol i te  largely reequi l ibrated in

the spinel facies (e.g. Eglazines; Mercier, 1972) or a

spinel  lherzol i te  in  which ar iegi t ic  mater ia l  has been

mechanical ly  scat tered (e.9.  Ronda,  Beni  Bouchera;

Le Bois des Feui l les;  Lasnier ,  1972).

The condi t ions for  reequi l ibrat ion in to the present

hydrous phases must have been reached fast enough

to quench most  of  the or ig inal  assemblages,  as some

hydrated xenol i ths may st i l l  have pyroxenes equi l i -

brated in the garnet facies, but also slow enough to

al low par t ia l  reequi l ibrat ion in  in termediate condi-

t ions (Kl -gpe kelyphi te) .  Therefore,  the per idot i te

emplacement  in to shal low levels is  not  re lated to any

volcanic event  but  to  a s lower tectonic  phenomenon,

and the temperature-pressure t rend observed would

correspond to an equi l ibr ium s i tuat ion (geotherm)

and not  to  a requi l ibrat ion path.  The actual  present

equi l ibrat ion condi t ions are much shal lower than in-

ferred from geobarometry; thick serpentine verns

formed continuously before and after deformation

events in high-pressure-facies rocks. An in situ dia-

p i r ic  in t rus ion of  upper-mant le mater ia l  in  crusta l

PRESSURE Kb (diopsidcs)

FtG. 6.  T/T and P/P plots for  est imates der ived independent ly

f rom enstat i te and diopside in equi l ibrated assemblages The est i -

mates are not  corrected for  sol id solut ion ef fects in th is part icular

plo1.  No systemat ic deviat ion has been observed at  any pressure

i nd i ca t i ng  t ha t  f (F i g .  3 )  i s  dependen t  on  t he  na tu re  o f t he  A l - phase

rather than on the pressure i tsel f .  The precis ion for  temperature

and pressure est imates is  respect ively + 30"C and 1:  3 kbar,  as-

sum ing  i dea l  t he rmodynam ic  pa rame te rs  and  s tanda rd  qua l i t y

anaf  yses.  Data as in Figures I  and 2.

regions would expla in th is  second geotherm and the

hydration and the quasi-absence of sheared facies

only with diff iculty, and would not be supported by

any tectonic ev idence.  However,  Helmstaed and

Doig 's  (1975) model ,  which considers the C-type

eclogi tes so abundant  in  the Navajo Reservat ion d ia-
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FIc.  7.  The volcanics of  the Navajo Indian Reservat ion,  near

Four Corners:  monchiqui te (dots) ,  minet te (open c i rc les)  and
"kimberlites" (sotid circles). The contours are for the restored

Pliocene surface (modified after Shoemaker, 1956).

tremes as metamorphosed underthrust oceanic crust,

provides a satisfactory model for the hydrated per-

idotites as quenched "ophiolit ic" slices characterized

by a typical oceanic paleogeotherm (also in agree-

ment with the textures). In any case, the actual geo-

therm beneath the Navajo Reservation would be of

oceanic type, and the diatremes present no evidence

whatsoever for a genesis at depths comparable to

those for kimberlites. These garnet-rich diatremes are

therefore regarded as minette-type magmas which

originated in the shallower zones of the garnet facies

and were contaminated as they passed through highly

hydrated ultramafites and eclogites. This inter-

pretation also agrees with the close field association

of minettes and "kimberlites."

Western N ewfoundland ophiolites

The Newfoundland ophiolites of the Western Plat-

form (Fig. 1 l, inset) have been recently interpreted as

obducted slices of l i thosphere from a Cambrian basin
(Mercier, 1976b) on the western side of the Eocam-

brian-Cambrian Iapetus (or Proto-Atlantic Ocean;

Dewey and Bird, l97l). Because of the intensive ser-

pentinization and/or recrystall ization of most of the

sequence, the technique described above has been

used, yielding a remarkably high thermal gradient,

even for oceanic l ithosphere. The pyroxene geotherm

derived (Fig. I I ) is defined for a pressure range of

almost 40 kbar, much larger than expected from the

reconstructed structural section (8 kbar). Since the

possible errors due to the Al-solubil ity model

adopted (Fig. 5) are far smaller than the dis-

crepancies observed between the pyroxene geotherm

and the structural section, the latter must have been

shortened during obduction.

From the gabbros (top) to the metamorphic au-

reole (base), the ultramafic sequence comprises

cumulate wehrlites and dunites, sheared (porphyro-

blastic) metamorphic dunites, protogranular harz-

burgites, and sheared (blastolaminar) lherzolites.

The protogranular harzburgites exist within a depth

range equivalent to a few kilobars, in agreement with

the section, but their equil ibration at greater depths

indicates an intensive shortenins of the shallower

INCLUSIONS IN  NAVAJO 
' '  

K IMBERL ITES  
' '

PYROXENE GEOTHERMS

ro ?o 30 40 50

PRESSURE Kb

FIc. 8. Pyroxene geotherm derived from the pyroxene xenocrysts

in the Navajo "k imber l i tes."  A second t rend at  h igher temperature

and lower pressure corresponds mainly to the lherzol i te xenol i ths,

hydrated or not, plus some xenocrysts from Garnet Ridge. Abbre-

v iat ions:  SR = Ship Rock (Baldr idge et  a l . ,1975);  Ml ,  MK, ML =

Moses Rock garnet  lherzol i te MSS-l ;  respect ively,  inc lusions in

garnet ,  Kl-pyroxene depleted in Al  by surrounding K2-amphibole,

and pyroxenes in lherzolite. Some of the data are from 0'Hara and

Mercy (1966),  Watson and Morton (1969) and McGetchin and

Si lver  (1970).  The dot ted l ines correspond to the oceanic and

cont inental  geotherms of  Mercier  and Carter  (1975).  Spinel /garnet

facies boundary as in Figure I l. Dots and open circles as in Figure 9
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dunites in accordance with their texture. Thus,

rather than offering a continuous section through an

oceanic l ithosphere, these ophiolites are formed of at
least two superposed sequences, as has also been

observed in Quebec (Laurent, 1975). The basal

sheared lherzolites, although presently a few hundred

meters thick, correspond to a series originally more

than 30 km thick. In this case, the shortening affected

the entire formation, in agreement with the field ob-
servations of abundant fault zones subparallel to the

original shear surface. The maximum depths ob-

served are consistent with the ariegite subfacies in

which the lherzolites were equil ibrated. Reequil ibra-

tion paths are also obtained for the basal lherzolites

by comparing the estimates derived from the bulk

compositions of relict crystals and neoblasts. The

paths indicate a subhorizontal shear consistent with

the early stage of obduction for the deepest l i tho-

spheric material. The drop in temperature (over

350'C) is explained by the original extraordinarily

high thermal gradient, and by the change from an

oceanic thermal regime to a continental one during

the obduction process. The effects of stress on the

enstatite-diopside join are l ikely to be negligible, as

in some sheared peridotites (e.9. Lesotho, Mercier

and Carter, 1975; Beaunit, Mercier, 1972)the defor-

mation (variable strains) occurs without any simulta-

neous exsolution phenomenon in the pyroxenes, at

least to the resolution of optical microscopes.

Conclusions

The method presented here for computation of
pressure and temperature estimates from pyroxene

compositions is more general than the classical one

by which compositions are directly compared with

the available experimental results. Furthermore, with

the new evidence of pressure sensitivity of the ensta-

tite-diopside solvi (Warner and Luth, 1974; Lindsley

and Dixon, 197 6), the determinations should be done

through iterations, and more calculations are needed

for correcting the estimates for solid-solution effects.

The method proposed allows the direct computation

of fully corrected estimates through the use of simple

equations, even when the composition of all the co-

existing phases are unknown. The equations are de-

rived in such a way that any further refinement of

either experimental data or empirical laws for natural

assemblages can be taken into account by simply

changing the appropriate coefficient.

Applications of this method are many and include

the use of partially reequil ibrated assemblages, al-

tered facies, or xenocrysts for deriving conditions of

Cr otom / formulo unif

Frc. 9. Ti,/Cr diagram for diopsides from the Navajo Country

diatremes. On the basis of this diagram, only part of the xenocrysts

(open circles) are likely to have been equilibrated in metamorphic

four-phase parageneses (Mercier, 1976a).

equil ibrations impossible to obtain by using any clas-

sical method. Further possibil i t ies are the construc-

tion of pressure-temperature paths for partially re-

crystall ized and reequil ibrated textures, and also to

FACTOR 8

FIc.  10.  Garnet  factor  analysis for  the Navajo Country d ia-

tremes. Many different parageneses are represented by the variously

colored garnets, but none can be related to metamorphic upper-

mantle material. Data sources as in Figure 8 Some other data are

from Reid and Hanor (1970).  Inset :  T i lCr d iagram for  some of  the

garnet xenocrysts (Ti and Cr are given in atoms per formula unit).

The same conclusion is reached, with the exception of one crystal.

The open circles are for the Ship Rock and for the Moses Rock

garnet-peridotites. Data sources as in Figure 8. The trends are for

magmatic and metamorphic (depleted) mantle garnets (Mercier,

1976a). The field for the undepleted garnets is shown by the heavy

Dattern.
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FIc.  I  l .  Pyroxene geotherm for  the obducted ophiol i tes of  the

Western Plat form, Newfoundland (new analyses).  The garnet-

l ac i es  uppe r  bounda ry  i s  ca l cu l a ted  f r om O 'Ha ra  e t  a l ' s  ( 1971 \

exper imental  data,  corrected for  f r ic t ion,  adjusted to Richardson et

o/ 's  (1968) pressure scale and modi f ied for  the actual  Cr lAl  rat io

af ter  MacCregor 's  (1970) data.  The depth of  the Moho for  the

Baie Verte basin is  inferred f rom the geology Aster isks are for

reequi l ibrated neoblasts in b lastogranular- textured samples.  Inset :

Locat ion of  the ophiol i tes (b lack) obducted onto the Canadian

Shield (heavy pat tern) ;  a lso shown, the remnant Iapetus crust  (no

patternl  inc ludes is land-arc mater ia l )  which has not  been sub-

duc ted  (Me rc i e r ,  1976b ) .

check e i ther  the equi l ibr ium state of  a paragenesls or

the qual i ty  of  the analyses.  The error  on the est i -

mates,  assuming ideal  exper imenta l  data,  is  less than

30"C and 3 kbar ,  and the maximum error  may even

decrease by one-th i rd for  super ior  analyses.  In  any

case,  us ing both pyroxene phases independent ly

y ie lds maximum and minimum values for  the est i -

mates instead of  a s ingle set  of  assumed equi l ibrat ion

cond i t i ons .

The geological examples just discussed show a few

characteristics usef,ul for a better understanding of

the ear th 's  upper mant le and i ts  re lated tectonics.

The gra in-s ize of  per idot i te  inc lus ions in  basal ts  a l -

ways increases wi th depth as a par t ia l  consequence of

the elevation in temperature. However, the average

grain-size at depths over 200 km is about the same as

that  of  samples equi l ibrated at  hal f  th is  depth.  These

observat ions may g ive some c lues about  the mode of

f low of  the upper mant le,  as the gra in s ize is  re lated

main ly  to the appl ied deviator ic  s t ress,  or  a l terna-

tively to the temperature and strain rate (Carter and

Merc ier ,  1976).  The sheared per idot i tes might  thus

i l lust rate t ransient  condi t ions resul t ing f rom a con-

s iderable increase in s t ra in rate or  s t ress,  accom-

panied (Newfoundland,  A?" :  350oC, Ao :  3kbar;

Merc ier ,  1976b) or  not  (Lesotho;  Merc ier  and Carter ,

1975) by a decrease in temperature,  and possib ly

combined wi th minor  ef fects of  other  physical  or

chemical  parameters.  Accordingly ,  these textures are

dominant  only  for  inc lus ions in  basal ts  f rom act ive

faul t  zones.  Ophio l i tes,  general ly  regarded as s ingle

s l ices of  l i thosphere on the basis  of  coherent  and

cont inuous st ructura l  sect ions,  might  rather  be a

ser ies of  smal ler  s l ices resul t ing f rom inhomogeneous

strain, the deepest one having moved fastest, thereby

producing a shor tening of  the or ig inal  sequence.  The

data obta ined for  the inc lus ions f rom the Navajo

Indian Reservat ion provide new evidence (other  ev i -

dence being the abundance of  C- type eclogi tes)  in

favor  of  complex upper-mant le tectonics,  wi th pos-

s ib le underthrust ing of  oceanic mater ia l  a long

enormous d is tances.  In  any instance,  despi te the

abundance of  pyrope xenocrysts,  these volcanics,

commonly referred to as "k imber l i tes,"  are not  real

k imber l i te  of  deep or ig in.
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