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Abstract

Experiments in the system CaO-MgO-AlrOB-SiO, have shown that the calcium tschermak's

molecule (CaAlrSiOr) content of cl inopyroxene in the spinel- lherzol i te assemblage (forsteri te

* cl inopyroxene * orthopyroxene * spinel) varies sympathetical ly with the MgSiOr content

with changes in temperatures and pressure. Such variat ions are predominantly temperature-

dependent, although both pyroxene end-members decrease sl ightly in amount with increases

in pressure at constant temperature. Contrary to O'Hara (1967), the isopleths of CaAlrSiOu

and MgSiO, of cl inopyroxene in temperature-pressure space are paral lel,  rendering these two

pyroxene molecules indicators only of the temperature of equi l ibr ium of spinel- lherzol i tes.

No information on the pressures of equi l ibr ium can be obtained.
Using simple thermodynamic mixing models of the sol id solut ion phases part icipating in

the subsolidus exchange reactions, two temperature estimations can be made of natural

spinel- lherzol i tes from the experimental data of the synthetic system. The f irst temperature

estimation is based on the equil ibr ium exchange of MgrSizOu between cl inopyroxene and

orthopyroxene at 12 kbar (equi l ibr ium constant K,) and the second temperature estimation is

based on the equil ibr ium exchange of CaALSiOe between cl inopyroxene, ol ivine, and spinel at

12 kbar (equi l ibr ium constant Kr).
Two temperature estimations were made from each of the analyses of the coexist ing

minerals of spinel- lherzol i tes from alpine-type intrusions and nodules in basalt (analyses

obtained from the l i terature). The estimated temperatures for the spinel- lherzol i te nodules in

basalt range from the water-undersaturated peridoti te sol idus to the anhydrous sol idus,

indicating a close genetic relat ionship with the host basalts or those of the same fract ionation

suite. The temperatures estimated for most spinel- lherzol i te intrusions indicate sol idus tem-

peratures fol lowed by a cool ing history of part ial  reequil ibrat ion to subsolidus temperatures.

These temperatures probably bear l i t t le, i f  any, relat ionship to those of a normal geothermal

gradient.

Introduction

Advances made in the experimental study of pyrox-
ene sol id-solut ion equi l ibr ia  dur ing the last  decade
have recently revived an interest in the direct meas-
urement of paleogeothermal regimes in the upper
mantle. Estimations of the paleogeothermal gradient
beneath South Africa (Boyd, 1973; Boyd and Nixon,
1973) and the Norwegian Caledonides (Carswell,
1974), based on the enstatite and alumina solubil ity
of pyroxenes in garnet-lherzolites, wil l undoubtedly

be modified as experimental data become more re-
fined; however, it is unlikely that they wil l depart
significantly from the normal shield geotherms as
originally defined by Ringwood (1966).

More recently similar attempts at determining Pa:
leogeothermal gradients at higher upper-mantle
levels have been made from pyroxene geother-

mometry and geobarometry of spinel-lherzolites
(MacGregor, 19741' MacGregor and Basu, 1974).
It is the purpose of this work to reevaluate these
estimates on the basis of new experimental results
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on c l inopyroxene sol id  solut ion geothermometry and t ip  and capsule,  and wi th the lower pyrophyl l i te  spa-
geobarometry of  sp inel - lherzol i tes in  the system cer  replaced by ceramic.  Pt /Pt13Rh thermocouples
CaO-MgO-AlrOs-SiOr. were used to measure and control the temperatures of

The immediate problem encountered in the pur-  the furnace cel l .  Pressure-uncorrected temperatures
sui t  o f  th is  task involves apply ing exper imenta l  were recorded and are presented in the tables and
data on synthet ic  systems to the chemist ry  of  the f igures.
natura l  per idot i te  system. Exper imenta l  data on The composi t ions used in these exper iments were:
the jo in MgrSirOu-CaMgSirOu at  30 kbar  (Davis
and Boyd,  1966) have convent ional ly  been used as AF :  anor th i te(CaAlrs i ro ' )  f  forster i te(MgrSiOa)gel

the geothermometer  and the a lumina content  of  crysta l l ized at  1200"C for  28 days at  atmospher ic

::'jll":1".il" 1l'l:T Yg9-1f'o' li9:1t3:9'"'o': A,F : il:1ilitl::,ll#[5'il ii',",1.,,,. (Mg,Sion) ge,
tv  r+)  as tne geoDarometer  lor  c tetermtnlng upper
mantle geotherms (Boyd, le73; Boyd and"Nixon, .,  =:?;i ; l i1' f . : t iJJ;";+3forsterire(Mg,Sion)*
1973).  The 1600"C and 30 kbar  data of  O'Hara and d iopside (CaMgSi,Ou) + enstar i te  (Mg,SiOu) gel
Schairer  (1963),  however,  ind icate that  s igni f icant  crysta l l ized as above.
amounts of  Al+3 in  the pyroxene phases may appre-
c iably  ef fect  the solubi l i ty  of  MgrSirO.  in  c l inopy-  For  exper iments at  temperatures near the sol idus
roxene.  O'Hara (1967) la ter  emphasized the necessi ty  the charges were dr ied in  order  to avoid par t ia l  mel t -
for advancing from simple two-pyroxene end-member ing. For low-temperature experiments the charge was
systems of  three components to three-pyroxene e i ther  le f t  undr ied or  i t  was dampened wi th a minor
end-member systems of  four  components involv ing quant i ty  of  d is t i l led water  ( (0.  1wt%o) in  order  to f fux
CaO-MgO-AlrO3-SiO, in order to adequately repre- the reaction and promote crystal growth. The drying
sent the major reaction relationships of four-phase technique used for each experiment is l isted with the
lherzol i tes.  resul ts  in  Table |  .

o z t

The task of  th is  exper imenta l  work has been to
invest igate the change in the solubi l i ty  of  both
CaAlrSiOu and MgSiO, in  c l inopyroxenes o l  the
spinel-lherzblite assemblage (forsterite t cl inopyro-
xene + or thopyroxene *  sp inel )  in  the system
CaO-MgO-AlrO3-SiO,  wi th changes in temperature
and pressure.  In  order  to apply these exper imenta l
resul ts  to natura l  sp inel - lherzol i tes,  s imple ther-
modynamic models,  s imi lar  to  those of  Wood and
Banno (1973),  were constructed.  These models enable
the temperatures of  equi lbrat ion of  sp inel - lherzol i tes
to be est imated,  prov id ing that  the composi t ions of
a l l  four  phases are known. Wood (1974) la ter  demon-
strated exper imenta l ly  the val id i ty  of  these s imple
models in correcting for the presence of the com-
ponents of  the natura l  system not  used in the exper i -
men ts .

Experimental and analytical methods

Al l  exper iments were carr ied out  us ing a s ingle-
stage,  hal f - inch p is ton-cy l inder  apparatus s imi lar  to
tha t  desc r i bed  by  O 'Ha ra  e t  a l .  ( 1971 ) .  The  p i s ton -
out  technique,  as descr ibed by Richardson et  a l .
(1968),  was used wi th an over-pressure of  5 kbar .  No
friction correction was made to the nominal pressures
reported in the tables and figures. The furnace cell
was s imi far  to  that  used by Richardson et  a l . ,  but
wi thout  the ceramic d isc between the thermocouole

The experimental charges after the runs usually
conta ined indiv idual  crysta l  s izes of  less than 3 to 4
microns,  whether  or  not  t race amounts of  water  were
used to promote crysta l  growth.  Indiv idual  c l i -
nopyroxene crystals were commonly intergrown with
or thopyroxene and spinel .  Because of  these textura l
compl icat ions,  due to the nature of  the f ine ly  crysta l -
l ine star t ing mater ia ls ,  e lect ron microprobe analyses
of the clinopyroxenes proved too inaccurate to be of
value.  Consequent ly  an X-ray d i f f ract ion method was
developed in order  to determine the amount  of
MgSiO, and CaAlrSiOu in the c l inopyroxene.  This
experimental method was used in preference to the
tradi t ional  method of  synthesis  f rom glass star t ing
mater ia ls  (which usual ly  produces crysta ls  b ig
enough to analyze by the e lect ron microprobe) in
order  to min imize the possib i l i ty  of  synthesiz ing
highly disordered metastable pyroxenes (Biggar and
O'Hara,  1969;  Howel ls  and O'Hara,  1975).

The cel l  d imensions of  the CaMgSirO.-MgSiO.-
CaAlrSiO.  sol id  solut ion ser ies vary wi th composi t ion
(Clark et  a l . ,  1962).  From these cel l  d imensions,
the c l inopyroxene CuKo 221 and 310 d i f f ract ion
angles were calculated;  these are presented in F igure
I  by broken l ines.  The gr id shown by the broken
l ines was then adjusted to the d i f f ract ion angles of
th ree synthesized c l inopyroxenes w hose composi t ions
are indicated by the sol id  l ines.  The goniometer
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TrnI-n I  Exper imental  resul ts

Startang Tlrnperature
Material

Pressure
kbar

T a m e

hours
Dry ing  Phase oze c r5^  o2e coK^ wt  g  caAl rs io6

procedu ie  rdent i f i ca t ion  cpx  22 Io  cpx  3100 in  cpx '  o
wt t Mgsio?

in cpx

G P  ] I O O

G P  I I O O

G P  ] I O O

@  1 2 0 0

A F  1 2 0 0

G P  1 2 0 0

A 3 F  L 2 7 O

A3F !2 ' l  O

A 3 F  I 2 7 O

A 3 F  1 3 0 0

A 3 F  I 3 O O

A 3 F  I 3 O O

G P  1 3 0 0

A 3 F  1 4 0 0

A 3 F  I 4 O O

2 0 . 0  i i i - b

2 r . 0  i i i - b

2 0 . L  i i i - b

L8.2  i - -a

1 8 . 5  i - a

1 8 .  t  i - a

I 9 . 5  i - a

1 8 . 5  i - a

I 8 . 7  i - a

1 8 . 0  i - a

1 8 , 3  i - a

I 9 . 8  i - a

L 8 . 2  i - a

1 8 .  0  i - a

I 8 . 2  i - a

F o , C p x , O p x , S p

F o , C p x , O p x ,  S p  r A n t

F o , C p x , O p x , s p

F o , C p x , O p x , S p

Fo ,  Cpx ,  Opx,  Sp /An

Fo ,Cpx,  Opx .  Sp

Fo .  Cpx ,  Opx,  sp

F o , C p x , O p x , S p

F o , C p x , O p x , S p

Fo,  Cpx.Opx,  Sp

Fo ,  Cpx ,  Opx ,  Sp

Fo ,  Cpx .Opx,  Sp

Fo,  Cpx,Opx,  Sp

F o , C p x , O p x ,  S p

Fo,  Cpx,Opx,  Sp

1 2 . 0

L 7  . 9

r 8 .  0

L 2 .  O

c q

1 8 .  0

1 0 , 0

LL.2

L 2 . 9

1 4 .  0

L 6 . 2

1 7 .  0

1 6 . 0

2 0 .  o

2 t .  o

29.88 '1
t .  o o 3

2 9 . 8 8 3

2 0 . 8 7 8
E . 0 0 4

2 9 . 9 0 2
4 . o 0 2

2 9  . 9 0 4
r  . 0 0 2

2 9 . 8 9 5
t .  o o :

2 9 . 9 L 3
t .  o o s

29.9L3
t .  o o 4

2 9 . 9 1 0
* . 0 0 4

2 q  q t  d

r .  o o 3
29 .9 r0
t .  o o 2

2 9  . 9 L 0
t .  o o 2

2 9  . 9 L L
t .  o o :

, o  o t  4
+ .  o o s

2 9  . 9 7 s

3 0 . 4 r 1
t .  o o 5

3 0 . 3 8 4
x .  o 2 o

3 0 . 3 8 0
t .  o o s

30 .4 ' 72

3 0 . 4 8 6
* .  o o 5

3 0 . 4 4 3
t .  o o s

3 0 . 5 5 7
r .  o o 6

3 0 . 5 3 7
t .  o o e

3 0 . 5 2 2
t .  o o o

3 0 . 5 4 s
t .  o o r

3 0 . 5 2 5
t .  o o a

3 0 .  s 1 7
t .  o o :

3 0 . 5 2 5

3 0 ,  s 9 4
+  ^ ^ .

3 0 .  s 8 6
E . 0 0 4

1 0 . 5

o ?

8 . 6

1 5 . 5

1 7 . I

2 L . 4

r 9 .  4

2 0  . 8

] .9 .7

L 9  . 2

1 9 . 8

2 3 . 6

2 3 . L

7 . 3

5 . 7

1 0 . 8

1 1 .  6

9 . 3

1 6  . 2

t 5 .  0

t ?  o

1 5 . 6

1 4 . 1

t 3 .  6

1 4 .  3

1 9 . 5

t e  o

i  =  c h a r g e  d r i e d  i n  u s e a l e d  P t  t u b e  a t  1 I 0 0 o C  f o r  o n e  h o u r  p r i o r  t o  s e a l i n g .

i i i  = charge di lpened with H2O and Pt tube lef t  unsealed. a = furnace cel l  dr ied

0 . 5  h o u r  a t  8 0 0 o C .  b  =  f u m a c e  c e l 1  l e f t  u d r i e d .  *  =  t r a c e .  F o  =  f o r s t e r i t e .

Opx = orthopyroxse. Sp = spinel.  An = anorthi te.

i n  n i t rogen fu rnace

Cpx = clinopyroxene.

was allowed to oscil late 8 to l0 times at a scan speed
of l/4' 20 per minute across the clinopyroxene dif-
fraction peaks as well as the standard sodium chlo-
r ide 200 d i f f ract ion angle (31.718'  2e) .  Sharp and
well-defined diffraction peaks and a variation about
the mean of + 0.004' 2e indicated chemical
homogeneity of the synthesized clinopyroxenes. A
comparison of X-ray diffraction data from Clark et
al. (1962) and Biggar (1969) with Figure I (solid
lines) indicates an interlaboratory agreement of + 3
weight percent CaAlrSiOu and t 2 weight percent
MgSiO. in the determination of a stoichiometric cli-
nopyroxene composi t ion.

All experimental charges were inspected optically
and by X-ray diffraction for glass and metastable
phases. Nickel-fi l tered CuKa radiation generated at
28 mA and 44 kV from a Phil ips machine was used. A
0.2 mm receiving slit, a 4o scatter slit, and a l"
divergence slit were used. A small quantity of labora-
tory sodium chloride was mixed with each run prod-
uct as an X-ray internal standard. From the mean
clinopyroxene 221 and 310 diffraction angles, meas-
ured to 0.002" 20 for each oscil lation, and Figure I
(solid l ines), the composition of the clif lopyroxene
synthesized with forsterite, orthopyroxene, and

spinel was obtained. This composition was assumed
to be stoichiometric with respect to CaAlrSiO. and
MgrSirO. ,  or  the chemical ly  equivalent  end-members
CaMgSi,O.-MgAlrSiOu

Discussion of results

The experimental results are l isted in Table l. The
clinopyroxene 221 and 310 X-ray diffraction angles
for each experiment were plotted on the X-ray dif-
fraction-composition grid of Figure I and are shown
in Figure 2. All the measurements plot along a com-
mon curve. From Figure 2 the CaAlrSiO. and
MgSiO' contents of clinopyroxene for each experi-
ment were obtained, and these are shown in Figure 3.

Thirteen runs on ,{3F at 1100'C and 1200'C (not
shown in Figure 3) were rejected due to the presence
of incompletely reacted anorthite coexisting with the
spinel-lherzolite phase assemblage. Excess anorthite
in these charges resulted in anomalously high
CaAlrSiO.  and MgSiO, contents of  the c l inopyrox-
enes. In order for the phase rule to be satisfied, only
those charges which were anorthite-free were ac-
cepted as possibly representing equil ibrium products.
We have no proof that these data are equil ibrium
results, and know of no method whereby equil ibrium
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29.900

30.500 30.400

20 310

FIc.  I  Construct ion of  the c l inopyroxene composi t ion-CuKa X-ray di f f ract ion angle grrd.  Circ les
refer  to Ihe 227 and 310 di f f ract ion angles of  three synthesized homogeneous c l inopyroxenes.  Explana-
t ion of  broken and sol id l ines in the text
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can be unequivocally established. Indeed, we found
no problem in reversing some of the nonequil ibrated
,{3F charges from ll00'C to 1200'C.

Figure 3 shows that the CaAlrSiO. content varies
sympathetically with the MgSiOs content of cli-
nopyroxene. This variation is predominantly temper-
ature-dependent, although both pyroxene end-mem-
bers decrease slightly with increasing pressure at
constant temperature. Unfortunately, the parallel na-
ture of the CaAlrSiO, and MgSiO, isopleths of cli-
nopyroxene in temperature-pressure space renders
the composition of the mineral an indicator only of
the temperature of equil ibration of spinel-lherzolites.
No information on the pressures of equil ibration can
be obtained from these data.

Application of results

The application of experimentally-determined
pyroxene solid-solution variabil ity in a simple syn-
thetic system to the natural system has been discussed
by Wood and Banno (1973) and Wood (1974).  Thei r
method of establishing simple mixing models of the
solid solution phases participating in the reactions,

which determine the pyroxene composition at any
one temperature and pressure, wil l be adopted here.

In Figure 3 it was shown that the CaAlrSiO. and
MgSiO, end-members of clinopyroxene vary sympa-
thetically with variations in temperature and pres-
sure. This indicates that the two reactions controll ing
the contents of the two end-members are mutually
interdependent. For simplicity, however, each reac-
tion wil l be treated independently of the other.

MacGregor (1965) suggested the following reac-
tion to account for the variations in the CaAlrSiO.
content of clinopyroxenes in spinel-peridotites with
temperature and pressure:

CaMg SirOu { MgAl,On
diopside spinel

3  CaA l 'S iO6  +  Mg ,S iOa  AV  :  +0 .9670  (1 )
calcium forsterite

tschermak's
molecule

The very small positive volume change of reaction ( 1 )
is consistent with the observed small decrease in the
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CaAlrSiOu content  of  c l inopyroxene wi th increasing
pressure at  constant  temperature (F ig.  3) .

The  cond i t i on  f o r  equ i l i b r i um o f  reac t i on  ( l )  i s :

p C a M g S i , O . f p M g A l ' O a

:  p CaAl ,SiO'  *p MgrSiO.  (2)

where 1r.r refers to the chemical potential of the com-
ponent  in  the c l inopyroxene,  spinel ,  and o l iv ine
phases.  Where the standard state of  each component
is  the pure phase at  the temperature and pressure of
in terest ,  equat ion (2)  becomes:

p"  CaMg Si ,O, '  *  RT ln a cpx CaMg SirO, ;

*  p "  MgA l :O '  *  RZ  l n  a  sp  MgA l ,O '

:  u"  CaAl ,  SiO, ,  + RT ln a cpx CaAl .  SiO, ,

*  p "  M g , S i O r  +  R T  l n  a  o l  M g r S i O *  ( 3 )

where RTlna y x  refers to Rf ln act iv i ty  of  component
r  in  phase y.  Rearranging (3)  g ives the fami l iar  ex-
pression for  equi l ibr ium:

(ac"), ,.

I  a  c p x  C a A l , S i O , , . a  o l  M g , S i n  \
:  - t ( /  l n  t - - _ -\ . /  cpx c 'aMg Si,o, , .a sp tugnl,"d )  t+l
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30.r00
30 200 30.600 30  s00 30 400 30  300 30 200

2  0  3 1 0

Frc.  2 221 .nd 310 X-ray di lTract ion angles of  c l inopyroxenes synthesized wi th lbrster i te *  or-

t hopy roxene  - | -  sp i ne l  t  ano r t h i t e  C i r c l es  =  I  100 'C  runs :  t r i ang les  :  1200 'C  runs :  d i amonds  :  1270 'C

runs :  c l oscd  squa res :  1300 "C  runs ;  squa res  i n  c i r c l es  =  1400 'C  runs

In  determin ing the act iv i t ies of  the var ious con-
ponents in  the sol id  phases i t  has been necessary to

assume that  the phases behave in an ideal  manner.

For  two-s i te c l inopyroxene solut ions in  which Mg+'z,

Fe+2 .  Ca+2 ,  Na+ t ,  and  Mn+2  a re  randomly  m ixed  i n

the M2 s i te,  and Mg+2,  Fe+2,  Al+3,  Fe+3,  and Ti+4 are

randomly mixed in the Ml  s i te ,  the component  act iv i -

t ies can be approximated:

a  c p x  C a M g S i 2 O , ;  :  X  M 2 C a '  X  M l  M g  ( 5 )

n  c p x  C a A l . S i O , '  :  X  M 2 C a ' X  M l  A l  ( 6 )

where X z i refers to the mole fraction of cation i in
the z s i te .  I t  has been shown. however.  that  Fe+'?and
Mg*2 are not  randomly d is t r ibuted between the Ml
and M2 s i tes (Hafner  et  a l . ,  l97 l ;  F leet ,  1974a,  b) .
The preference of Fe+' over Mg+2 for the M2 site of
c l inopyroxene appears most  pronounced at  in ter-
mediate to h igh mole f ract ions of  FeSiO, (0.1 to 0.3) ,
which are at ta ined in c l inopyroxenes of  charnocki tes
and layered igneous rocks (F leet ,1974a,  b) .  The c l i -
nopyroxenes of  sp inel -per idot i tes,  however,  com-
monly conta in less than 0.  l2  mole percent  FeSiO,
due to h igh bulk Mg/Mg+Fe values of  these rocks.
From calculated Ml and M2 site occupancies of
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|l,

)
o
|l)
o.
(l,

F

1200

il00

t0 14 l8 22 26
Pressure - Kilobors Nominol

Ftc. 3. Variations in the MgSiO, and CaALSiO. contents of
c l i n o p y r o x e n e  w i t h  t e m p e r a t u r e  a n d  p r e s s u r e  i n  t h e
spinel-lherzolire assemblage of the system CaO_MgO_Al,Os_SiO,.
Broken l ines :  MgSiOs contents in weight  percent .  Sol id l ines =
CaAfSirO. contents in weight percent. CaAIrSiO" value is ouer
MgSiO. value for  each data point .  The forster i te-anorth i te_
cl inopyroxene-orthopyroxene-spinel  univar iant  equi l ibr ium is
shown by I  (Herzberg,  in preparat ion).  The forster i t ;_c l inopyrox_
ene-orthopyroxene-spinel-garnet  univar iant  equi  l ibr ium is shown
by I l  (O'Hara er  a l  ,  t97t)

magnesian clinopyroxenes from the Skaergaard In-
trusion (Fleet, 1974a), we have estimated that the
activity of CaMgSirO. in clinopyroxene is about 0.03
higher than that caluclated on the basis of random
Fe+'z distribution between the two sites. The assump-
tion of Fe+2 random distribution between Ml and
M2 in the particular case of the activity calculation of
equation (5) does not introduce serious errors in the
temperature estimation.

Because of two equivalent octahedral sites per for-
mula unit of olivine, the activity of forsterite can be
approximated:

a ol MgrSiOn : (X Mg), (1\

For normal spinels, which are the most common
variety in spinel-lherzolites, the magnesium cation
is located in one tetrahedral site per formula unit
(Sl), and the aluminum cations are located in two
equivalent octahedral sites (S2). The activity of spinel
proper in spinel solid solution may then be approxi-
mated:

a sp MgAl ,Oo:  (X Sl  Mg) .  (X  ̂ t2  Al ) ,  (8)

From the l6 kbar interpolations shown in Figure 3
and from the assumption that a ol MgrSiOn and a sp
MgAlrOo were equal to one in these experiments, the
relationship of

, -  (  a  cpx  CaAl rS iOu.a  o l  MgrS iOa \
"' \o .p* cuMg$iOr, * tto*,

to l/T ('K) was plotted and is shown in Figure 4.
The experimental data fall very close to a straight
line. A least-squares fit of the data in the temperature
interval ll00'C to l300oC yields the following rela-
tionship between activity ratio and temperature:

,_  (  a  cpx  CaAl rS iOe.a  o l  MgrS iOn \
" '  \ -p*  C"McSi ro r -  rp  McAtor / ,uon" "

:  ln  (Kr ) re  u" " ,

:+Y++:-e:31 +4.43 (e)
R T R T

Where AfI" and ASo refer to the standard states of
the pure phases at 16 kbar and T is in oK. A least-
squares fit of the 12 kbar data in the temperature
interval from I100'C to l270oC is also shown in
Figure 4 in order to il lustrate the magnitude of the
effect of pressure on the activity ratios. The l2 kbar
data yield the following relationship:

tn (K,.),,-,,,. : 1# * Tj : -T + 4.06 (ro)

The high ASo at 12 kbar (8.06ca1lmoleoK) and l6
kbar (8.80ca1/mole'K) il lustrates that this mixing
model is probably an oversimplification.

Equation (10) establishes a temperature estimate of
natural spinel-lherzolites based on the experimen-
tally determined solubility of CaAlrSiOu in clinopyrox-
ene in the system CaO-MgO-Al2O3-SiO2, corrected
for the remaining oxide species occurring in the natu-
ral rock. This temperature estimate can be cross-
checked with that estimated from the MgSiO, solu-
bility in the same clinopyroxene crystal from the ex-
perimental data shown in Figure 3. It has been as-
sumed that the chemical potential of MgrSirO. in
clinopyroxene was equal to that of MgrSirO. in or-
thopyroxene for those experiments in which equilib-
rium is thought to have been established. The ex-
pression of this equilibrium is:

:  - R ?  l n  ( K , )  ( 1 1 )

where the relationship between activity ratio and

O
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temperature, again assuming that both pyroxenes be-
have as ideal two-site solutions, ff iay be approxi-
mated:

rn (Kr ) : - - -++  112)
R T R

The activity of MgrSirO. in clinopytoxene can be
estimated from Figure 3 and is approximated by the
expresslon:

a  cpx  MgzS i ,Oe :  X  M2Ca  .  X  M l  Mg  (13 )

An approximation of the activity of MgrSirO. in or-
thopyroxene is given by the following expression:

a opx Mg,Si ,Oa:  X M2 Mg .  X Ml  Mg (14)

Because no data on orthopyroxene compositions
were obtained in this study, the activity of MgrSirO.
in orthopyroxene in the spinel-lherzolite assemblage
was estimated from available experimental data. The
mole fraction of magnesium in lhe M2 site of or-
thopyroxene aL 12 and l6 kbar was taken from exper-
imentally derived values of diopside solubil ity in or-
thopyroxene coexisting with clinopyroxene in the
system CaO-MgO-SiOz (Mori and Green, 1975).
The similarity of the results of Akella (1974) with
those of Nehru and Wyllie (1974) and Mori and
Green (1975) suggests that the presence of an alu-
minous phase in equil ibrium with clinopyroxene and
orthopyroxene does not appreciably affect the diop-
side solubil ity in orthopyroxene. The mole fraction of
magnesium in the Ml site of orthopyroxene was esti-
mated from the assumption that (X Ml Al)opx = (X

Ml Al)cpx in the spinel-lherzolite assemblage at the
same temperature and pressure.

In Figure 4 the relationship of lnK' us. l/T at 12
and l6 kbar is also plotted. Least-squares fits of the
data y ie ld the fo l lowing expressions:

ln (K'),,s'",  :  
-Y 

+ 3.64 (16)

and

ln (K,)1616,,"  :  -Y2l + 3.58 (17), , 7

w h e r e  A S o  a t  1 2  k b a r  a n d  1 6  k b a r  a r e
7.2\cal/moleoK and 7.l2cal/moleoK respectively.
These values of the entropy change for the transfer of
MgrSirOu from orthopyroxene to clinopyroxene are
lower than that for the 30 kbar Davis and Boyd
(1966) resul ts  (10.63ca1lmoleoK),  but  they are h igher
than those for the 10 and 30 kbar Mori and Green
(1975) results (5.60 and 5.66cal/mole"K respectively)
and the Nehru and Wyllie (1974) 30 kbar results in

toTr("Kl
Frc. 4. Plot of ln (aif{,',"o"/a&?X.',o.) and ln (afli1,s1q.'

aftt.to./a3|itrrt,o"'dirpear,or) us l/T for coexisting phases of the

spinel-lherzolite assemblage in the system CaO-MgO-Al,Oi-SiOr.

the interval 1000"C to 1500'C(5.32ca|/mole" K). All

of these entropy change values, which are probably

too high, testify to the simplicity of the ideal solid-

solution models. The values at 12 kbar and l6 kbar

from this work may differ from the Mori and Green

results because of the presence of AlrO, in the system

of this work, differences in analytical technique, or

because of the assumptions used in estimating the

activity of MgzSirO. in orthopyroxene. It is signifi-

cant to note that at any given temperature, the solu-

bil i ty of MgrSirO. in clinopyroxene noted from our

experiments in the alumina-bearing system at l2 kbar

is considerably less than that from the experiments of

Mori and Green in the alumina-free system at l0

kbars. The solubil ity difference is such that the tem-
perature estimated from any one value of K, from our

data may be up to 150'C higher than that estimated

from the Mori and Green data.

Estimation of equilibrium temperatures

Using published and available unpublished mineral

analyses of coexisting olivine, clinopyroxene, ortho-
pyroxene, and spinel phases from spinel-lherzolites
from alpine-type intrusions and nodules in basalts,
temperature estimations have been made from the

calculated values of K, and K" at 12 and 16 kbar'
The calculations of the activit ies of CaAlzSiO.,
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CaMgSirO., and MgrSi2O. in the natural clinopyrox-
enes were simplified by calculating first the ferrous-
ferric proportions as presented by Mysen and Heier
(1972) (for those analyses where Fe2Oa was not
determined), and second the pyroxene end-member
molecules as proposed by Kushiro (1962) and Caw.
thorn and Collerson (1974). A breakdown of each
clinopyroxene analysis into its end-members pro-
vided a simple method of estimating X M2 Ca, X Ml
Al, and X Ml Mg independently of the sil icon analy-
sis. Wood and Banno (1973) discussed the alternative
methods of establishing a cpx MgrSirO./a opx
MgrSirOu that may be used to correct for the marked
increase in the orthopyroxene (enstatite * ferrosil i te)
solubil ity in clinopyroxene with increasing Fe+, in
the system. Fortunately, this is not a serious problem
in the natural spinel-lherzolite system because of low
amounts of ferrosil i te in clinopyroxene. However, the
correction scheme that was adopted here involved
projecting the clinopyroxene analysis from ferrosil i te
to the remaining pyroxene end-members. The
method of calculatinE a opx MgrSirO. used here was
described by Wood (1974).

The calculated temperatures are given in Table 2.
Figure 5 shows the frequency distribution of the K,
and K" temperature estimations for alpine-type intru-
sions, nodules in basalts, and the two spinel-
lherzolite occurrences together. The important points
which emerge from this treatment of the data are:

(l ) The mean of 38 Kz temperatures and the stand-
ard deviation for both occurrences is I 193"C (i.e.
about 50oC below the anhydrous peridotite solidus)
and 94oC, respectively. The mean K, temperature for
the 23 nodule analyses is I194'C, and the standard
deviation is 75'C. The mean K, temperature for the
l5 in t rus ion analyses is  1190'C,  and the standard
deviation is 188'C. Whereas the means are essen-
tially the same for both occurrences, there is a greater
spread of K, intrusion temperatures. The highest fre-
quency of K, nodule temperatures coincides with the
anhydrous solidus temperature, whereas the highest
frequency of the K, intrusion temperatures l ies be-
tween the anhydrous solidus and the solidus with a
water content of 0.2 percent. Most K, temperatures
are between those of the two solidii.

(2) The mean of 43 K, temperatures and the stand-
ard deviation for both peridotite occurrences is
1095'C and l3 loC,  respect ive ly .  For  the nodules the
mean of 23 K, temperatures is I l5l oC, and the stand-
ard deviation is 100'C. For the intrusions the mean
of 20 K, temperatures is l030oC, and the standard
deviation is 132"C. Again note the greater spread of

K, intrusion temperatures. The highest frequency of
Kt nodule temperatures is between the two solidii,
and the mean is within 40'C of the mean Kz nodule
temperatuies. The mean and highest frequency of K,
intrusion temperatures, however, are much lower
(<150'C) than those of  the K,  in t rus ion tempera-
t u res.

At pressures greater than 12 kbar but within the
spinel-lherzolite stabil ity f ield (O'Hara et al., 1971),
the relationships between the solidii, the mean K, and
K, temperatures of the nodules and intrusion, and the
degree of incongruity between the K, and K, temper-
atures are similar to those discussed at l2 kbar.

With the exception of the Scourian spinel-
lherzolite, which has clearly been recrystallized
under granulite facies conditions (O'Hara, l96l),
the remainder of the nodules and intrusions crys-
tall ized from solidus temperature conditions with-
out substantial intercrystall ine cationic reequil i-
bration to temperatures along normal suboceanic or
subcontinental mantle geothermal gradients (Ring-
wood, 1966). We would l ike to present for consid-
eration a hypothesis which may explain the in-
congruous nature of the K, and K, temperature
estimations in terms of variable cooling rates from
solidus temperatures, the rates of which determine
the extent to which chemical reequil ibration can be
attained at all stages in the cooling history. If the rate
of exchange of MgrSirO6 frorh clinopyroxene to or-
thopyroxene is greater than that for the reaction of
aluminous clinopyroxene with olivine to produce a
less aluminous clinopyroxene and spinel, then K,
quenching temperatures should be consistently lower
than K, quenching temperatures during rapid cooling
of the intrusions from solidus temperatures to cooler
lower crustal or upper mantle temperatures. These
data suggest that solidus K, temperatures were
quenched, whereas Kt temperatures tended to par-
tially reequil ibrate to subsolidus temperatures. The
greater degree of congruity and the lesser statistical
spread of K, and K, temperatures of the nodules in
basalt suggest that l i tt le t ime for partial K, reequil i-
bration to subsolidus temperatures may have been
available prior to quenching by eruption to the sur-
face; a condition indicating a close genetic relation-
ship between the nodules and the volcanic activity.

The possibil i ty of differential reequil ibration rates
between the K, and Kz equil ibria is best i l lustrated by
the southwestern Oregon spinel-lherzolites (Medaris,
1972). KL temperatures calculated for the coexisting
primary augen and recrystall ized matrix pyroxenes
are a l l  s imi lar  (966"C to 1031'C) and lower than the
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F I c . 5 .  H i s t o g r a m s  o f  t e m p e r a t u r e  e s t i m a t i o n s  o f
spinel-lherzolites from alpine-type peridotites and nodules in ba-
salt .  Explanation ofthe Kr and K, equi l ibr ium constants in the text.
Anhydrous peridotite solidus from Kornprobst (1970) and Green
and Ringwood (1967). Water-undersaturated (0.270) peridoti te sol-
idus from Millhollen et al. (1974).

K, temperatures by 68oC to 225"C. K, temperatures
from the augen clinopyroxenes are at least l00oC
higher than K, temperatures from the recrystallized
matrix clinopyroxenes. A correlation is apparent be-
tween the degree of subsolidus recrystallization, which
is reflected texturally by the degree of grain-size re-
duction, and the temperatures indicated by the K,
equilibrium, which are reflected chemically by the
alumina contents of the pyroxenes.

We realize the limitations of any hypothesis gener-
ated from the utilization of analyses in the literature.
It is hoped, however, that the geological implications
of these experimental data will stimulate future de-

tailed studies on the textural and geochemical inter-
relationships of spinel-lherzolites. Special attention
must now be placed upon the textural control of the
chemistry of coexisting solid solution phases, the
chemical homogeneity (or heterogeneity) within any
one crystal, and the variations in the mineral chem-
istry from one location of an intrusion to another or
one textural class of nodules to another (Mercier
and Nicolas, 1975). The kinetic problems discussed
pose the necessity of establishing equilibrium be-
fore any temperature estimations become geologi-
cally meaningful.

Conclusions

Experiments in the system CaO-MgO-AlrOs-SiO,
have shown that the CaAlzSiO" content of clinopyrox-
enes in the spinel-lherzolite assemblage varies sym-
pathetically with the MgSiO, content with varia-
tions in temperature and pressure. Such variations
are predominantly temperature-dependent, although
both pyroxene end-members decrease slightly in
amount with increasing pressure at constant tem-
perature. Contrary to O'Hara (1967), the isopleths of
CaAlrSiO. and MgSiOs of clinopyroxene in tem-
perature-pressure space were found to be parallel,
rendering these two pyroxene molecules indicators
only of the temperature of equilibrium of spinel-
lherzolites, No information on the pressures of
equilibration can be obtained. A comparison of
these results with those of Mori and Green (1975) in
the system CaO-MgO-SiO, suggests that the activity
of MgrSirO. in clinopyroxene is considerably reduced
with increasing activity of CaAlzSiO. at any one tem-
perature and pressure. Temperatures of equilibration
of spinel-lherzolites determined from experimental
data of the diopside-enstatite solvus in the alumina-
free system may be up to l50oC too low.

From these experimental data and by using simple
ideal mixing models of the solid solution phases par-
ticipating in the exchange reactions, two temperature
estimates were made on spinel-lherzolites from no-
dules in basalts and alpine-type intrusions. The tem-
peratures indicated by the alumina and enstatite con-
tents of the clinopyroxenes in the spinel-lherzolite
nodules range from those ofthe anhydrous peridotite
solidus to those of the water-undersaturated perido-
tite solidus. No subsolidus reequilibration took place,
suggesting a close genetic relationship between the
nodules and either the host basalts or the basalts of
the same fractionation suite. The temperatures esti-
mated by the alumina contents of the clinopyroxenes
in the spinel-lherzolite intrusions, which have not
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been affected by post-intrusion metamorphism, also
indicate solidus temperatures. However, the temper-
atures indicated by the MgSiO, contents of the same
clinopyroxenes of these intrusions range from the
anhydrous solidus to several hundred degrees in the
subsolidus. These incongruous temperatures are at-
tributed to differential intercrystall ine cationic ex-
change rates between the reaction governing the en-
statite content and the reaction governing the
alumina content of the clinopyroxene. In view of the
low subsolidus reequil ibration rates the subsolidus
temperatures may bear no relation to the temper-
atures of a geotherm (MacGregor, 1974; MacGregor
and Basu, 1974); indeed, they may only represent a
'quench' temperature below which further reequil i-
bration became retarded in the absence of metamor-
phic reworking. In contrast to 'thermally quiescent'
deeper-level garnet-lherzolites, which appear to have
been in chemical equil ibrium along normal subcon-
tinental mantle geothermal gradients (Boyd, 1973;
Boyd and Nixon, 1973; Carswell,1974), most spinel-
lherzolites appear to be the vestiges of complex man-
tle thermal perturbations andlor partial melting
events.
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