JOURNAL

OF GEOPHYSICAL

RESEARCH,

VOL. 99, NO. B9, PAGES 17,729-17,742, SEPTEMBER

10, 1994

Melting experiments on anhydrous peridotite KLB-1
from

5.0 to 22.5

GPa

Jianzhong Zhang
Center for High Pressure Research and Mineral Physics Institute
State University of New York at Stony Brook

Claude Herzberg
Department of Geological Sciences, Rutgers University, New Brunswick, New Jersey

Abstract. Melting experiments have been performed on anhydrous mantle peridotite
KLB-1 at 5 to 22.5 GPa using the multianvil press, with special attention paid to
precision and accuracy of temperature and pressure measurement, oxygen fugacity,
equilibrium, temperature gradient, and the effects of temperature gradient on the phase
diagrams. The new phase diagram reveals complexities in the liquidus and solidus
phase relations that were not reported by Takahashi (1986). At no pressure do the
liquidus and solidus converge to a common temperature or to a narrow range of
temperatures, a result that refutes the conjecture that mantle peridotite formed on the
solidusas a partial melt (Herzberg and O'Hara, 1985) or a residual liquid. However,
mantle peridotite could have formed as a cotectic liquid because KLB-1 exhibits nearly
cotectic liquidus crystallization behavior in garnet plus magnesiowfistite [L + Gt +
Mw] from 18 to 22 GPa. The implication is that mantle peridotite may be the product
of a large-scaledifferentiationevent and that MgO/SiO2 for mantle peridotite may have
been phase equilibrium controlled by cotectic crystallization in a magma ocean.
Fractionation of magnesiowastiteor majorite garnet is inferred at 18 to 22 GPa for a
bulk Earth MgO/SiO2 that is higher or lower than mantle peridotite, respectively.
Alternatively, if the Earth formed from materialsthat were the samein MgO/SiO2 as
mantle peridotite, then the liquidus phase equilibria reported here may be irrelevant or
incidental in understanding Earth structure.
and garnet [Takahashi, 1986; Ito and Takahashi, 1987]. But
the data were not of sufficiently high resolution to determine
The liquidus phase relations for mantle peridotite to pres- if it was also saturated in other crystalline phases, an
sures extending into the lower mantle are important for observation that would have provided strong support for a
testingpossiblemagmaoceanoriginsfor early Earth history. partial melt [Herzberg and O'Hara, 1985] or residual liquid
The solidus phase relations are important because they origin for mantle peridotite. The problem of forming mantle
constrain the compositionsof magmasformed on it, and the peridotite by crystal-liquid differentiation was subsetemperatures of the solidus constrain the conditions of quently examined from the point of view of trace element
melting and the rheological properties of the mantle. Both partitioning [e.g., Kato et al., 1988a, b; Agee and Walker,
kinds of information are contained in the phase diagram for
1988], although trace element tests are ambiguous for
mantle peridotite.
mantle peridotite that has experienced subsequent stages
The first estimates of the phase diagram for mantle peri- of partial melting with garnet in the residuum [Herzberg
dotite in the melting region and at pressures exceeding 10 and Gasparik, 1991].
GPa [Herzberg, 1983] were roughly supportedby pioneering
These early high-pressure melting studies have been reexperimental observations made possible by the multianvil produced in a qualitative manner in that there is overall
press in Japan [Takahashi and Scarfe, 1985; Takahashi, agreementwith the general topological characteristicsof the
1986; Takahashi et al., 1985; Ito and Takahashi, 1987]. phase diagram [Herzberg et al., 1990] (also this work).
Experiments performed on mantle peridotite KLB-1 [Taka- However, a number of melting studies on mantle peridotite
hashi, 1986;] showed that the solidus and liquidus, which
have revealed complexities that were not reported by Takadiffer by --•500øCat 1 atm, appeared to converge at about 15
hashi [1986]. These are the observation of magnesiow•stite
GPa. At this pressure of apparent convergence, mantle
saturation at 16.5 GPa [McFarlane et al., 1991], disagreeperidotite was observed to be multiply saturated in olivine
ments in the pressure at which orthopyroxene remains a
crystallizing phase [Takahashi, 1986; Takahashi et al., 1993;
1Alsoat Centerfor HighPressure
Research
andMineralPhysics Herzberg, 1992; Canil, 1992], and solidustemperature deterInstitute, State University of New York at Stony Brook.
minations that are consistently higher [Herzberg et al., 1990]
Copyright 1994 by the American Geophysical Union.
than those reported earlier. For these reasons an attempt has
been made to reproduce the phase diagram for anhydrous
Paper number 94JB01406.
0148-0227/94/94JB-01406505.00
peridotite KLB-1 published by Takahashi [1986, Figure 13],
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Compositions of Peridotite KLB-1

14 mm Assembly

mm

Herzberg
Takahashi

et al.

KLB-

[ 1986]

[ 1990]

Liquid*

1

SiO2
TiO2
A1203

44.48
0.16
3.59

44.30
0.12
3.54

45.55 (0.94)
0.12 (0.03)
3.50 (0.49)

FeO
MnO
MgO
CaO

8.10
0.12
39.22
3.44

8.59
0.14
39.50
3.03

9.04
0.14
36.63
3.26

Na20
K20
Cr20 3

0.30
0.02
0.31

0.30
0.01
ßßß

0.33 (0.08)
ßßß
0.38 (0.04)

NiO

0.25

---

0.21 (0.03)

(0.77)
(0.03)
(1.32)
(0.43)

In weight percent.
*KLB-1 liquid is the average of 148 electron microprobe analyses
above the liquidii at 18, 20, and 21.7 GPa for experiments KLBl-10,
KLBl-15, and KLBl-11, respectively. Numbers in parenthesesare
1 standard

deviation.

'•

MgO

I

Lanthanum
Chromite •

•]•

Molybdenum

Sample

[•

Zirconia

•

Rhenium

•

Alumina
Ceramic

•

Thermocouple

Figure 1. Construction of the 14-mm assembly used in
experimentsbelow 10 GPa. Dimensions of the essentialparts
and the results are reported in this paper. Building on
Takahashi's [1986] contribution, we have succeeded in obtaining a greatly improved understandingof the liquidus and
solidus phase relations, in addition to a highly precise
calibration of the temperatures and pressures at which they
occur.

Experimental Method
Samples of peridotite KLB-1 were kindly donated by E.
Takahashi, and several experiments were reported at 14 GPa
[Herzberg et al., 1990]. Chemical analyses of KLB-1 reported by Takahashi [1986] are given in Table 1 and are in
fairly good agreement with analyses determined by direct
current plasma (DCP) emission spectroscopy at Rutgers
[Herzberg et al., 1990]. All experiments were conducted
with the multianvil apparatus at Stony Brook. Detailed
descriptionsof the press, the 10-mm sample assemblies,and
the experimental methods have been published [Gasparik,
1989, 1990; Herzberg et al., 1990; Liebermann and Wang,
1992].

The high-pressureassemblieswere configuredwith W3%Re
versusW2$%Re thermocouplespositionedalong the axis of
the lanthanum chromite heaters as described previously
[Gasparik, 1989; Herzberg et at., 1990]. Assemblies with
10-mm octahedral edge lengths were used at pressures of
>-15 GPa in conjunction with tungsten carbide cubic anvils
with corners honed down to triangular faces 4 mm or $ mm
in edge length. Assemblies with 14-mm edge lengths were
used at pressures of •10 GPa, together with 8-mm tungsten
carbide edge lengths. This 14/8-mm system is basically a
scaled-upversion of the 10/5 systemthat has been described
previously [Gasparik, 1989; Herzberg et at., 1990], and its
construction is shown in Figure 1.
The pressure calibration curves used in this study for the
10/4 and 10/5 systems are the ones reported by Gasparik
[1989, 1990]. For the 14/8-mm assembly the pressure was
calibrated against several high-temperature transformations'
coesite-stishovite at 2000øC and 11.3 GPa [Zhang et at.,
1993], quartz-coesite at 1600øCand 3.74 GPa [Mirwatd and
Massonne, 1980], and garnet-perovskite in the system
CaGeO3 at 1000øCand 6.1 GPa [Susaki et at., 1985]. The

are as follows: lanthanum chromite heater length -- 11.3 rnm,
ID - 2.4 mm, OD = 4.6 mm, thermocouple ceramic = 3.9
mm, and capsule length -- 3.0 mm.

resulting pressure calibration curve for the 14/8-mm system
is shown in Figure 2.
KLB-1 powder was loaded into unwelded rhenium foil.
The assemblies containing the sample, thermocouple, lanthanum chromite heater, and spacers were constructed and
then fired at 1000øCin an argon atmosphere for I hour prior
to running to expel all water. The oxygen fugacity of this
system is slightly more oxidizing than the iron-wfistite
buffer, and this is discussed below. The assembly was
pressurized first, then heated to the desired temperature.
About 15 to 20 min of heating was required to reach the
target temperature, which was then maintained for a run
duration of 2 to 12 min (Table 2), and the experiment was

terminated
by cuttingoffthepower.A 105-Pathermocouple
emf-temperaturerelation was used with no correctionsmade
for pressure. These emf readings are included in Table 2 in
the event that the effect of pressure on thermocouple emf

--P=0.0374L
-0.0000133L
2•
-_
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-•-/
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Figure 2.

A pressure calibration at high temperaturesfor

the 14/8-mm system.
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Experimental Results
Temper-

Oil

emf,t,

ature,
c

Runa

mV

øC

bars

26.1809
27.1862
25.1788
34.1893
28.1856
29.1829
35.1879
18.1750
19.1749
23.1768
24.1789
30.1854
31.1831
37.1293
(Feø added)
38.1309
16.1730
7.1610
39.2044
20.1756
40.2076
32.1823
8.1615
9.1693
22.1775
10.1694
12.1719
33.1835
13.1735
15.1732
21.1765
14.1706
11.1698
17.1743
36.1909

29.60
30.58
31.32
33.15
33.85
34.58
34.59
32.93
33.74
34.43
35.18
36.00
36.78
36.62

1650 (4)
1700 (4)
1750 (1)
1855 (5)
1900 (1)
1950 (2)
1950 (1)
1850 (2)
1900 (1)
1950 (5)
2000 (1)
2050 (1)
2110 (5)
2080 (1)

140
140
140
140
140
140
214
290
290
290
290
290
290
305

36.62
36.00
36.54
37.00
37.00
37.00
36.10
37.03
37.63
36.90
37.75
37.88
36.90
37.20
38.00
38.03
37.92
38.27
37.00
39.85

2080 (3)
2060 (1)
2100 (4)
2135 (2)
2135 (2)
2135 (5)
2065 (1)
2135 (1)
2185 (3)
2125 (1)
2195 (5)
2205 (1)
2115 (8)
2150 (4)
2215 (2)
2220 (1)
2210 (3)
2240 (1)
2135 (5)
2375 (5)

305
386
386
430
430
430
500
500
420
440
463
510
560
560
560
590
615
680
800
800

Sample

Pressure,

Pressure, Time,
Assembly
't

GPa

min

A
A
A
A
A
A
A
A
A
A
A
A
A
B

5.0
5.0
5.0
5.0
5.0
5.0
7.4
9.7
9.7
9.7
9.7
9.7
9.7
14.0

10
8
10
6
8
8
8
6
8
8
8
8
6
2

[el, Gt, Cpx]*
[el, Gt, Cpx]*
L, el, epx, Gt*, Cpx [el, Gt,
L, Ol*, Opx, Gt, Cpx [O1, Gt,
L, Ol*, Opx, Gt, Cpx [O1, Gt,
L*, O1, Opx, Gt, Cpx [O1, Gt,
L, Ol*, Gt, Opx, Cpx [O1, Gt,
[O1, Gt, Cpx]*
[O1, Gt, Cpx]*
[O1, Gt, Cpx]*
L, O1, Gt*, Cpx [O1, Gt, Cpx]
L, Ol*, Gt, Cpx [O1, Gt, Cpx]
L*, O1, Gt, Cpx [O1, Gt, Cpx]

B
B
B
B
B
B
B
B
C
C
C
C
C
C
C
C
C
C
C
C

14.0
15.0
15.0
15.5
15.5
15.5
16.0
16.0
17.0
17.5
18.0
19.0
20.0
20.0
20.0
20.5
21.0
21.7
22.5
22.5

3
5
4
2
6
12
8
4
5
8
2
4
8
2
4
6
4
5
2
4

L, Gt, el*, Cpx [el, Gt, Cpx]
L, Gt, el*, Cpx [el, Gt, Cpx]
L, Gt, AnhyB, Ol* [O1, Gt]
L, Gt, AnhyB, Ol*,/3 [/3, Gt]
L, Gt, AnhyB, Ol*,/3 [/3, Gt]
L, Gt, AnhyB, Ol*,/3 [/3, Gt]
[/3, Gt]*
L, Gt, AnhyB,/3* [/3, Gt]
L, Gt, AnhyB,/3* [/3, Gt]
Gt, Mw,/3 [/3, Gt]*
L, Gt, Mw,/3* [/3, Gt]
L, Gt, Mw,/3* [/3, Gt, Mw]
[/3, Gt, Mw]*
Gt, Mw,/3* [/3, Gt, Mw]
L, Gt, Mw,/3* [/3, Gt, Mw]
L, Gt, Mw,/3*, CaPv [/3, •, Gt, Mw, CaPv]
L, Gt, Mw, •-, CaPv [•-, Gt, Mw, CaPv]
L, Gt + Mw*, •-+ CaPv [•-, Gt, Mw, CaPv]
L, Mw, MgPv, CaPv [Mw, MgPv, CaPv]*
L, Mw*, MgPv, CaPv [Mw, MgPv, CaPv]

Phase Assemblagee

Cpx]
Cpx]
Cpx]
Cpx]
Cpx]

L, O1 + Gt + Feø*, Cpx [O1, Gt, Cpx, Feø]

ExperimentsKLBI-1 to KLB1-6 were reportedby Herzberget al. [1990].

aRunsarereadasfollows:run26.1809is 26thexperiment
on KLB-1, StonyBrookrun 1809.

øThe
emfisnominal
pressure'uncørrected
emfforW3%Reversus
W25%Rethermocouples.
CValuesare read as follows:temperaturefluctuation:1650(4) = 1650ø ___
4øC.

aAssemblies
areA = 14/8mm,B = 10/5mm,andC = 10/4mm.
eAsterisk
indicates
phaseassemblage
at T (seetext).Squarebrackets
indicatephases
observed
immediately
belowthesolidus.
becomesbetter known; however, the discussionbelow indicatesthe pressurederivative of the thermocoupletempera-

shownin Figure 3. The temperaturevaries by no more than
about50øCin an area of 1 mm x 1 mm nearestthe hot spot,
ture may be about-5øC GPa-•.
a gradient that is considerablyless than that which has been
The phaseswere identifiedby energydispersiveanalysis observedin 10-mmassemblies[Gasparik, 1989;Herzberg et
of polishedsectionsutilizingthe backscatterscanningelec- al., 1990; Presnall and Gasparik, 1990]. Figures 4 and 5
tron microscope(SEM) unit containedin the RutgersJEOL showthat the temperaturegradientwithin the axial portion
3600 electron microprobe. The experimental results are of the 5-GPa chargesmustbe sufficientlysmallto retard melt
listed in Table 2. Fully quantitativewavelengthdispersive migration because a substantial amount of intercumulus
analysesare being acquired; someare reported here, but a liquid can be seensurroundingthe olivine crystals.A magcomprehensivedatabase for all coexisting crystalline and nified view of the 1950øCexperiment (Figure 5) showsthe

liquid phaseswill be reported in a forthcomingpaper.
Throughoutthis paper, liquid is identified as a complex
intergrowthof phasesquenchedfrom liquid. Polymorphsof
(Mg, Fe)2SiO4 at ->15 GPa were identified accordingto
olivine(a), modifiedspinel(/3),andspinel(•-)by their Raman
spectra [McMillan and Akaogi, 1987].
There now exist many publisheddescriptionsof the temperature gradient in 10-mm assemblies[Gasparik, 1989;

intercumulus liquid in more detail, in addition to the kind of

olivinemorphologiesthat are observed.Olivine C crystallographicaxesparallelthe temperaturegradient[Herzberget
al., 1990], and Figure 5 showsthe developmentof euhedral
(hOl) or (Okl) crystallographicfaces in the direction of the
hot spot. Olivine crystals facing the cold direction are

distinctlyanhedralwith embaymentscontainingliquid. The
temperaturegradientis therefore sufficientlylarge on a scale
Herzberg et al., 1990; Presnall and Gasparik, 1990; of 100 /am that precipitation occurs on the hot ends and
Herzberg, 1992]. The temperaturegradientin 14-mmassem- dissolutionon the cold endsof individualcrystals,a process
blies has been determinedby mappingthe isobaricshiftsin that was also documentedin a reversal experimenton garnet
the soliduswith increasingtemperature,and the results are crystals[Herzberg et al., 1990]. Inspectionof Figure 4 shows
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Thermocouple

stable for the nominal temperature is the one that is observed
0.5 _ 0.2 mm from the hot spot toward the cold end of the
capsule. For KLB1-34 this is [L + el], indicated by the
asterisk in Table 2 next to it (i.e., [L + eli*).
Another difficulty in working with a temperature gradient
is liquid migration toward the hot spot by a solution and
precipitation process [Lesher and Walker, 1988; Herzberg et
al., 1990]. When there is a substantial amount liquid near the
hot spot, there should be no change in the nature of the
liquidus phase mineralogy [Lesher and Walker, 1988] and the
crystallization sequence [Herzberg, 1992]. However, when
the
melt fraction in the charge is very small and confined to
-lOO
pockets that are within -10-20/am of the capsule wall, any
of the phase assemblagesfrom the liquidus to the solidus can
av (oc)
be observed. We are now in the process of compiling
electron microprobe data on the quenched liquid portions of
-200
the charges, some of which are reported below. However,
the data obtained demonstrate that the liquid compositions
are largely mixtures of the bulk KLB-1 composition and
-300
liquid from the colder portions of the charge, modified
0
3
slightly by liquidus phase fractionation effects that occur
Distance (ram)
during melting.
Presnall and Walter [1993] have observed complexities in
Figure 3. Temperature gradient in the 14-mm assembly the crystallizationsequencefor forsterite Mg2Sie4 at 14 GPa
determined by shifts in the solidusfor KLB-1 with increasing
that arise from variable run durations. In a 3-min experiment
temperature. (Top) A slice through a horizontally positioned
cylinder of sample contained in rhenium is shown. (Bottom) they observed the following phases down the temperature
The solidus position is along the axis of the sample; mea- gradient: ILl, [L + periclase], [L + periclase + forsteritel,
and [forsteritel. This is very different from their 43-min
surements of the distance of the solidus from the thermocouple junction are given (circles). The gradient around the experiment, which shows [L] followed by monomineralic
hot spot is constrained by the 50øC solidus brackets at 5 and bands of [forsteritel, [periclase], and [forsteritel. Presnall
10 GPa.
and Walter [1993, p. 19,780] were thus perplexed by the
dilemma that "if run durations are held to very short times (1
or 2 min)... chemical equilibrium cannot be assured. On
that the radial temperature gradients are actually larger than the other hand, if run durations are extended in order to
those shown in Figure 3 at elevated temperatures. Although assureequilibrium, then the phase assemblagesobserved are
shifts in the liquidus generally follow shifts in the solidus prone to misinterpretation." Presnall and Walter [1993] are
along the axial portions of the charge, there is a substantial apparently unaware that equilibrium was determined to
temperature gradient next to the capsule wall as shown by occur in a 3-min experiment at 2200øC from a reversal
the extensive amount of liquid adjacent to it.
performed on pyrope and grossular seeds in a peridotite
There are both advantages and difficulties in obtaining liquid [Herzberg et al., 1990]. Electron microprobe results
phase equilibrium information in a temperature gradient. showed that the composition of the liquidus majorite garnet
The advantage is that an isobaric phase diagram can often be was controlled by precipitation from the liquid and dissoluobserved in a single experiment; in melting experiments the tion of grossular and pyrope seeds. Backscatter SEM images
important features to observe are the liquidus and solidus of pyrope seeds in this experiment clearly showed the
mineralogies and the crystallization sequencebetween them precipitation of majorite at the hot side and dissolution of
[Herzberg et al., 1990; Herzberg, 1992]. For example, in pyrope at the cold side. Simultaneous precipitation and
experiment KLB1-34 listed in Table 2, the following phase solution of olivine also occurs at 1950øC and 5 GPa within 8
assemblagesare observed down the temperature gradient at min (Figure 5). We concur with Walker and Agee [ 1989] that
5 GPa: ILl, [L + el]*, [L + el + epx], [L + el + epx +
because of dissolution and reprecipitation in a temperature
Gt], [L + el + epx + Gt + Cpx], and [el + Gt + Cpx]; the gradient, it is "difficult to imagine a process more ideally
shorthand notation which describes this crystallization se- suited for giving well-equilibrated crystals and physically
quence in Table 2 is L, el, epx, Gt, Cpx [el, Gt, Cpx], with
separated liquid" [Walker and Agee, 1989, p. 57]. Electron
phases in square brackets indicating the phases which are microprobe results also demonstrate a remarkable level of
observed immediately below the solidus (symbols are de- chemical homogeneity for all phases except garnet. Backfined in the caption for Figure 6). The thermocouple emf is scatter SEM images of garnets in Figures 7 to 12 reveal
valid at only one point along this temperature gradient, and crystals that are homogeneous, but crystals that also show
this can pose a problem in determining which of these phase some zonation. This problem was examined in great detail
assemblages the thermocouple emf is valid for. In most previously [Herzberg et al., 1990], and it was shown that
experiments the hot spot can be observed, and it is usually most of this variability is small and occurs from Cae and
located about 0.5 --- 0.2 mm from the thermocouplejunction,
A12e3 which vary no more than about 1 wt% absolutefrom
Junction Rhenium Sample

a distance that is common

to both 10- and 14-mm assemblies.

Since the temperature gradient is approximately symmetrical on each side of the hot spot, the phase assemblagethat is

core to rim.

The most serious concern of Presnall and Walter [ 1993] is
that there may be a misinterpretation of the liquidus phase
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Peridotite
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1950øC

KLB-1

5 GPa

Figure4. Backscatter
SEM photomicrographs
of two experiments
at 5 GPa in which14-mmsize

assemblies
wereused.The liquidustemperature
is bracketedbetween1900ø and 1950øC(KLB1-28and
KLB1-29).Note the temperature
gradientnearestthe wallsof the container."Liquid" refersto quench

phasesformed from liquid.

and crystallizationsequencefor long-durationexperiments
in a temperaturegradient.This was basedon a comparison
of their discrepant3- and 43-min results describedabove.
But our experiments
are usuallyconfinedto run durationsof
3 to 8 min, and within this restricted range of run times we
have observed no contradictoryresults. This is illustrated

particularlywell by the setof threeexperimentson KLB-1 at

MgSiO3perovskiteat 22 GPa was determinedby Zerr and
Boehler[1993]usinga CO2 laser-heateddiamondcell to be
2727øCwith a reported accuracyof _+50øC.Ito and Katsura

[1992]reportmeltingof MgSiO3at 2450øCand 22 GPa using
tungstenrheniumthermocouples,
and Gasparik[1990]estimated it at 2600øC and 22.5 GPa, a temperature difference
that arises from different thermocouple configurations (see

below). If the error quotedby Zerr and Boehler [1993] is
realistic, then it can be determined that tungsten rhenium
readabout100øCtoo low at 22 GPa, resulting
identical;L, Gt, AnhyB, O1,/3, [/3,Gt]. The only discernable thermocouples
temperatureof
effect of time was to increasethe crystal size of anhydrousB in a pressurederivativeof the thermocouple
- 5øCGPa-•.
phase.We thereforethinkthat the concernsof Presnalland approximately
Another difficultyin working with a temperaturegradient
Walter [1993] stem from their problematical43-min experiment, and for 3- to 8-min run durationsthat are appropriate can be estimatingthe temperatureof the solidusin experifor the attainmentof chemicalequilibrium,there is little risk ments for which the melt fraction is substantial. Of the
photomicrographs
shownin Figures4-5 and7-14, examples
of the misidentification of the crystallization sequence.

15.5 GPa and 2135øC(Table 2), in which the run durations
were 2, 6, and 12 min. The results for all three runs are

Precisionin the measurementof pressureis _+0.25GPa, a
result that is discussedin detail below. The experimentsat 5
and 9.7 GPa illustratethe high level of precisionthat can be
obtained in the measurement of temperature (Figure 4). In

of the solidus can be seen in Figures 4, 9, and 13. At

pressures
lessthan 15 GPathe solidusis easilyidentifiedby

the observationof clinopyroxene,and the assemblage[L +
O1 + Gt + Cpx] is restricted to a very narrow temperature
particular,the liquidusand solidustemperaturesfor KLB-1 interval of--• 10øC.At 15.5 GPa the assemblage[L +/3 + Gt]
have beenbracketedbetweenexperimentsthat differby only is stableover a temperatureinterval of about 75øC,and the
50øC.Temperatureaccuracyis more problematicalbecause solidusis definedby crystallinephasesthat are highestin
the effectof pressureon thermocoupleemf is not known. It FeO/MgO becauseFeO partitionspreferrentiallyinto the
is worth noting, however, that the meltingtemperatureof liquidphase.Changesin FeO canbe seenin the greyscaling
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Liquid

ene liquidus crystallization field [Herzberg et al., 1990]. Our
results are similar to those of Canil [ 1992], who documented
I
orthopyroxene in the melting interval at 5 and 6.5 GPa for a
peridotite composition similar to KLB-1. However, they
'::•L'•,
?.............
?:' •.L
'•;•:•/•?.'
'" .....
'""';'(;';
.....
?.......
?-•'•'
.....................
•::;•:--'•;?':?":;
differ from the results of Takahashi [1986] and Takahashi et
al. [1993], who observed orthopyroxene in the melting
interval only at pressures less than 3.5 GPa. These differences are important because many Munro-type komatiites
were likely to have been in equilibrium with harzburgite
:.-':•:•:'::-{?•
•;•:' ; ---::
;'
';:.&{&::{:'..:..
•
':'
.•''..:':::-?•';?•;L
::--*:'•-•'•-.
":-?;:-•:)
..-'.::':.::•
:'::•::;•'.- .::
' ./' . (. "'
(O1 + Opx) [Herzberg, 1992], and our results show that
orthopyroxene can participate in melting to pressuressome-

......
::
........................
........ ......

-

where
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7.4 and 9.7 GPa.

At 14 GPa there is a change in the liquidus mineralogy
from olivine below to garnet above, and there is multiple
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............
•..•.. •;•.::. •:::.:-•.....
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:..-...•,.:.....-%.
the 14-GPa experiments shown in Figure 6 are those reported earlier (by Herzberg et al. [1990] for KLBI-1 to
KLB1-6) in which molybdenum capsules were used. These
results are reproduced here using rhenium capsules, and the
runs were made with and without metallic iron (KLB1-37
and KLB1-38). In the absenceof Feø, the liquidus phase at

14GPais garnet,andolivineappearsseveraldegreesbelow,
indicating that KLB-1 is almost multiply saturated in garnet
and olivine [L + Gt + O1]. The effect of adding Feø is to
slightly expand the crystallization field of olivine at the
expense of garnet, and KLB-1 is multiply saturated in both

olivineandgarnet[L + Ol + Gt + Fe o] at 14GPa (Figure7).
Electron microprobe results of these two experiments are
listed in Table

Peridotite

KLB-I

5 GPa

Cold
Figure 5. Magnified view of experiment at 1950øCand 5
GPa (KLB 1-29) showing euhedral olivine crystals facing the
hot direction of the temperature gradient. Olivine crystals
that face the cold direction are dissolved as seen by embayments filled with liquid.

3. Addition

of metallic

Fe has the effect of

increasing the FeO content of all phases, but the partition
coefficients for FeO and MgO among liquid, olivine, and
garnet are virtually identical. If the oxygen fugacity of the
experiment without Fe ø was substantiallygreater, then it

wouldbe expectedthat the stabilization
of Fe3+ would
reducethe amountof Fe2+ availableto olivine,resultingin
r• Ol/L

a reductionin •, FeO,but this is not observed.It is concluded
that the oxygen fugacity of the assembliesused with rhenium

capsules
isonlyslightlymoreoxidizing
thantheiron-w[istite
buffer. Use of molybdenum capsules extracts metallic iron
from KLB-1 at 14 GPa [Herzberg et al., 1990], demonstrat-

ingthatit provides
a morereducing
environment.
In Figure 8 it can be seen that garnet is the liquidus phase
at 15 GPa [L + Gt], and it is joined by olivine several tens of
degrees down the temperature gradient [L + Gt + O1]; the
crystallization sequencefor this experiment (KLBl-16) is L,
unambiguous
way of bracketingthe solidus(Table2; Figure Gt, O1, Cpx [O1, Gt, Cpx]. In another 15-GPa experiment
6).
(KLB 1-7), minor amounts of anhydrous B were observed, a
dense phase with the stoichiometry Mg•4Si5024 [Finger et
al., 1989; Herzberg et al., 1990; Presnall and Gasparik,
Experimental Results
1990]. These two 15-GPa experiments are the only inconsisPhase Equilibria
tent runs in the 40 experiments that were done on KLB-1,
The experimentalresultslisted in Table 2 are shownin indicating a precision in pressure measurement that is well
Figure 6, a new phase diagram for anhydrous peridotite within _+0.25GPa. It is our experience that inconsistentruns
KLB-1. At 5 and 7.4 GPa, orthopyroxene does not occur like KLB 1-7 can usually be avoided and that they are largely
immediately below the solidus [O1 + Gt + Cpx], but it is the result of inconsistencies that arise from the construction
observed in the melting interval (Figure 6). This occurs of the high-pressure assembly.
At 15.5 GPa, liquidus garnet is joined by phase anhydrous
because of the incongruent melting relation Ol H- Cpx HGt = Opx H-L that has been observed over a pressurerange B (Figures 9 and 10). The crystallization sequence is ILl,
of 2 to 12 GPa [Davis, 1964; O'Hara and Yoder, 1967; [L + Gt], [L + Gt + AnhyB], [L + Gt + O1], [L + Gt +/3],
Herzberg et al., 1990; Herzberg, 1992;Bertka and Holloway,
[/3 H-Gt]. Anhydrous B is restricted in its distributionto the
1993]. At pressures greater than or equal to 9.7 GPa, hot side of olivine in the temperature gradient (Figure 10),
orthopyroxeneis completely absent for the KLB-1 compo- demonstratingthat it forms by incongruent melting of olivine
sition, and this is causedby a contraction of the orthopyrox- [e.g., Herzberg et al., 1990]. The three experiments conin Figure 9, and in experiments like these, color-coded
chemical maps generated with the electron probe are the
best way to observe the solidus. Experiments which contain
no melt phase anywhere in the charge remain the most
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Figure 6. Phase diagram for anhydrousperidotite KLB-I: all crystalline (solid circles), crystals plus
liquid (cross-hatchedcircles), all liquid (open circles), and precise liquidus determinationat 2375øCand
22.5 GPa (half open and half cross-hatchedcircle). Stability of Opx at 1 atm is from Shimazaki and
Takahashi [1993]. The boundary r = Mw + MgPv is positionedat 1400øCfrom Ito and Takahashi [1989].
The a-/3 and /3-r transitions at 1400øCare from Katsura and Ito [1989]. The dotted line labeled CaPv
positionsthe stability of calcium silicateperovskiteto the right of it, and the positive dT/dP is basedon
the resultsof Irifune and Ringwood [1987]. Symbolsare definedas follows: L, liquid; O1, olivine; Opx,
orthopyroxene; Cpx, clinopyroxene; Gt, garnet; AnhyB, anhydrous B; Mw, magnesiowtistite;MgPv,
magnesiumsilicate perovskite; CaPv, calcium silicate perovskite; a, olivine; /3, modified spinel (Mg,
Fe)2SiO4;and r, spinel(Mg, Fe)2SiO4. Experimentalresultsat 14 GPa are from Herzberg et al. [1990]and
this work (Table 2).

ducted at 2135øCand 15.5 GPa (Table 2) were designedto
test both the effect of run duration on the crystallization
sequence,as discussedabove, and the level of reproducibility that can be achieved. We intentionally choose 15.5 GPa
because it is at this pressure that the largest number of
important phase changes exists (Figure 6), and therefore
there is the greatest risk of obtaining discrepant results.
However, we were able to reproducethe same experimental
result every time (Table 2). Indeed, the 2- and 6-min experiments at 15.5 GPa are so similar that to the uninformed

observer, they could be mistaken for serial sections of the
same experiment. The 12-min run is also very similar but
shows some grain coarseningof phase anhydrous B.
The 15.5-GPa experiments are special because both olivine (a) and modified spinel (/3) are present in the melting
interval (Figure 9). Their restricted distribution also demonstrates that the a-/3 transformation at these temperatures is
very sharp. The olivine-modified spinel boundary shown in
Figure 6 is an interpolationof our 15.5-GPaexperimentswith
the 1400øCbracket of Katsura and Ito [1989]. Extrapolation
of the Katsura and Ito [1989] a-/3 transformationto temperatures in the melting range creates a boundary that is

indistinguishablefrom ours and fully supports the interpretation of Katsura and Ito [1989] that the loop becomesvery
narrow at high temperatures. However, Ito and Takahashi
[1987] reported the a-/3 transformation at 16 to 17 GPa at
solidustemperatures, a difference that is not understood. By
and large, there is a great deal of consistencyin the pressure
calibration scales used in the two laboratories, in addition to
a high level of precision in the generation and measurement
of pressure.
At 16 and 17 GPa, anhydrous B is found to the hot side of
modified spinel, demonstrating that it forms by incongruent
melting of modified spinel [Herzberg et al., 1990]. Anhydrous B is also limited in its stability to the 15.5- to 17-GPa
range. Kato and Kumazawa [1986] and Ito and Takahashi
[1987] reported it at 20 GPa and erroneously identified it as
hydrous phase B; this difference in pressure is probably an
artifact of differencesin the pressure calibration scales that
were

used.

Experiments conducted at 18 to 21 GPa demonstrate that
garnet is the liquidus phase, but it is joined by magnesiow•istite a few degrees down the temperature gradient. The
20-GPa experiment shown in Figure 11 is fairly representa-
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Figure7. Backscatter
SEMphotomicrograph
of theliquidus
portionof a 14-GPaexperiment
(KLB1-37)
runat a nominaltemperature
of 2080øC,
showing
multiplesaturation
in olivineandgarnet[L q-O1q-Gt]

in the presence of metallic iron Feø.

tive of the othersin this wide pressurerange.At 21.7 GPa plus magnesiow•istite[L + Gt + Mw] and magnesium
thereis multiplesaturationin bothgarnetandmagnesiowfis- perovskiteplus magnesiowfistite[L + MgPv + Mw] over a

rite [L + Gt + Mw], andthisis shownin Figure12.A larger pressure range that extends from 18 to 22.5 GPa.
portionof the 21.7-GPaexperimentis shownin Figure 13,
At 18 GPa the distribution of magnesiow•istiteis redemonstratingthe extensivetemperatureinterval at which stricted, and the crystallizationsequenceis [L], [L + Gt],
garnetand magnesiowfistite
coexistwith liquid. At 22.5 GPa [L + Gt + Mw], [L + Gt + B], [Gt +/3]; this demonstrates
the liquidusphaseis magnesiowfistite,
which is joined by that magnesiow•istite
is formed by incongruentmelting of
magnesiumsilicate perovskite several degreesdown the modified spinel, similar to anhydrousB. However, at 19 to
temperature gradient (Figure 14). Although the effect of 21.7 GPa, magnesiow•istite
is observedwith both /3 and r
pressureis to increasethe stabilityof magnesiowfistite
at the alongand belowthe solidus.We alsoobservea very sharp
expense of garnet and magnesiumperovskite, as a first transformationof/3 to r, and the boundaryshownin Figure
approximation
KLB-1 is nearlymultiplysaturatedin garnet 6 is an interpolation of our data with the 1400øCbracket of

Table3. Compositions
of LiquidusPhasesin Feø-Bearing
andFeø-FreeExperiments
at 14GPa
KLB 1-38 (Fe o free)

SiO2
A1203
FeO
MgO
CaO
D
OI/L
MgO

D FeO
OrE
D Gt/L

MgO

D Gt/L

FeO

Olivine

Garnet

41.78(0.38)
0.16(0.01)
4.82(0.14)
52.11(0.45)
0.12(0.01)

49.99(0.51)
12.74(0.81)
3.84(0.26)
29.44(0.50)
2.66(0.41)

KLB 1-37 (Fe o bearing)

Liquid

45.76(0.49)
3.35(0.16)
9.63(0.23)
35.05(0.70)
3.71(0.23)

Olivine

Garnet

41.63(0.43)
0.19(0.02)
6.84(0.42)
51.71(0.53)
0.12(0.02)

50.90(0.89)
12.31(1.62)
5.20(0.42)
29.19(0.63)
2.57(0.58)

1.487+ 0.032

1.472m 0.046

0.500 + 0.019

0.485 -- 0.033

0.840 + 0.022

0.831 m 0.030

0.399 + 0.029

0.369 m 0.032

Liquid

42.79(0.46)
3.68(0.32)
14.09(0.43)
35.13(1.04)
3.06(0.23)

Values
inparentheses
represent
I standard
deviation
from
multiple
analyses
andarepropagated
totheerror
inD' DMg
0 = MgO./MgOt•.
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Figure 8. Backscatter SEM photomicrographof the liquidus portion of a 15-GPa experiment (KLBl-16)
run at a nominal temperature of 2060øC. Garnet is the liquidus phase.

Katsura and Ito [1989]. The/3-r transition must be considerably less than 0.5 GPa in width, which is narrower than the
1-GPa transition predicted by Katsura and Ito [1989] at
meltingtemperatures. Spinel (r) is alsopresentin the melting

interval at 20.5 to 21.7 GPa, whereas it was reported as
unstable at these conditions in experiments on a peridotite of
similar composition [Ito and Takahashi, 1987].
At 2200øC the transformation of majorite garnet to mag-

Liquid

Modified

::'-•
...........

½Solidus

Spinel(g)
Peridotite

KLB- 1

15.5 GPa

Figure 9. Backscatter SEM photomicrograph of the 15.5-GPa experiment (KLBI-20) run at a nominal
temperature of 2135øCfor 6 min. The area inside the box is magnified in Figure 10.
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We will be reporting in a forthcoming paper a comprehensive databaseof liquid and crystal analysesfor experiments
in the 5- to 22.5-GPa range. However, we wish to draw
attention to the average of many electron microprobe analyses of the all-liquid portions of several experimental

nesiumsilicateperovskite occursat 22 GPa (Figure 6). This
is identical to the transformation in the system MgSiO3
determinedin other experiments[Ito and Katsura, 1992]and
by thermochemicalcalculation [Gaspar&, 1990; Fei et al.,
1990; Yusa et al., 1993].
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Figure 12. Backscatter SEM photomicrograph of the liquidus portion of an experiment at 21.7 GPa
(KLBl-11) run at a nominal temperature of 2240øC and showing multiple saturation in garnet and
magnesiowfistite [L + Gt + Mw].

charges(Table 1). It can be seen that the average is similar to
the KLB-1 starting material composition, except that it is
somewhat lower in MgO; lower MgO is observed also for
lower-pressure experiments. This difference arises in part
from melt migration but also from the effects of olivine,
modified spinel, and magnesiow/istite in removing some
MgO during the melting process. The liquidus temperatures
and phase equilibria shown in Figure 6 are therefore strictly
valid for a peridotite with about 36.6% MgO rather than
KLB-1 which contains 39.5% MgO. On the basis of the
olivine-liquid thermometer of Beattie [1993], the liquidus
temperatures shown in Figure 6 will be about 30øC lower
than those for KLB-1.

Melting Temperatures

Experimental data that bracket solidus temperatures for
the mantle in the garnet peridotite stability field from 2.5 to
5.0 were summarized by Herzberg [1983] and McKenzie and
Bickle [1988], and new data were presentedby Takahashi et
al. [1993]. Our solidus determinations from 5 to 15 GPa
(Figure 6) were empirically fitted to these low-pressuredata
by the equation

al., 1993]. Takahashi [1986] adopted a thermocouple which
enters the heater through a hole in the side, whereas the one
adopted in the present study enters the heater axially. It is
most likely that a side-entering thermocouple creates local
irregularitiesin resistance,giving rise to hot spotswhich are
not read by the thermocouple [Herzberg et al., 1990]. The
solidus determinations of Takahashi et al. [1993] at 3 to 6.5
GPa are in perfect agreement with ours because they
adopted an axial thermocouple configuration similar to the
one used in this study. More recently, the phase diagram for
KLB-1 has been reevaluated by Shimazaki and Takahashi
[1993], and the solidus temperatures are now in very good
agreement over the entire 2.5- to 15.0-GPa range.
A cusp is very prominent in the solidus at 15.5 GPa where
olivine transforms into modified spinel and where all clinopyroxene becomes dissolved into garnet (Figure 6). There
is a strongchange in the slope dT/dP of the solidusat higher
pressures,and in the 18- to 22.5-GPa range it appears flat. It
is important to note, however, that the phase diagrams for
KLB-1 reported here and by Shimazaki and Takahashi
[1993] have no negative slopes in the melting curves as had
been reported earlier [Takahashi, 1986].

T (øC)= 1002- 0.96P2- 465 [In (l/P)]
Solidus and liquidus melting temperatures for KLB-1 in
this study are compared to those reported by Takahashi
[1986] and Takahashi et al. [1993] in Figure 15. Our melting
temperatures at around 15 GPa are about 200øC higher, a
differencethat arisesfrom different thermocoupleconfigurations in the two studies [Herzberg et al., 1990; Takahashi et

Discussion

of Results

The first liquidus phasediagramsthat were experimentally
determined for peridotite compositions with the multianvil
press [Takahashi and $carœe,1985; Takahashi, 1986; Ito and
Takahashi, 1987] have been reproduced in a qualitative
manner [Herzberg et al., 1990] (see also this work) in that
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there is overall agreementin the generaltopologicalaspects
of the phasediagrams.However, many geologicalproblems
require highly precise temperature, pressure, and phase
equilibriuminformation,and it is in the quantitativeaspects
of the phase diagrams that disagreementshave emerged.
This problem has been mostly an artifact of differences in
experimental method. We are encouragedto see that the
most recent phase diagram for KLB-I reported by Shimazaki and Takahashi [1993] is very similar to the one
reported here (Figure 6) and that this agreementstemsfrom
common experimental methods that were used in the two
studies. In particular, use of thermocouplesthat enter the
assemblydown the axis of the heater yields temperatures
that are remarkably consistent.
Many aspects of the experimental method that have been
examined in this paper are supplementalto work that has
been reported elsewhere [Herzberg eta!., 1990; Gasparik,
1989, 1990; Presnall and Gasparik, 1990; Liebermann and
Wang, 1992]. Precision in temperature measurementusing

material wrapped in unwelded rhenium foil is slightly more
oxidizing than the iron-wtistite buffer. The temperature
gradient in 14-mm assemblies has been characterized and is
so small near the hot spot that melt migration is retarded.

Electron probe data, which will be reported in a forthcoming
paper, documentthe extent of melt migration in a temperature gradient for both 10- and 14-mm assemblies. However,
triplicate experimentsdone on KLB-1 at constanttemperature and pressuredemonstratethat there is no changein the
sequenceof crystallinephasesthat appear down the temperature gradient for run durations that span 2 to 12 min in
10-mm assemblies. Chemical equilibrium is reached within 3

min for experimentsin the 2000øCrange [Herzberg eta!.,
1990]. Solution and reprecipitation, which are excellent
textural criteria for equilibrium, are observed to occur for
olivine and garnet crystals.

The new phase diagram for mantle peridotite reported
here will be most important for understandingdeep melting
processesthat occur in plumes [Herzberg, 1992]. In particW3 %Re versusW25 %Re thermocouplesis within _+30øC, ular, the solidus temperatures and phase equilibria are
and uncertaintiesstemmingfrom both precision and accu- essentialfor understandinghow hot the plumes can be and

racy may be as good as -+50øC over the entire 5- to 22.5-GPa

range. Precision in measurementof pressurewith 10-mm
assembliesis well within +0.25 GPa. The oxygenfugacity of
10-mmand 14-mmassembliesthat containperidotite starting

the compositions of komatiites that can form in them. But
the phase diagram is also important in addressinga number
of theories for the very origin of mantle peridotite. For
example, at no pressure do the solidus and liquidus for
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mantle peridotite converge to a common temperature or to a
narrow range of temperatures. The proposal that there exists
compositionalidentity between mantle peridotite and liquids
formed as partial melts [Herzberg and O'Hara, 1985] or
residual liquids on the solidus is therefore not supportedby
these experimental results. Although much more work is
needed to constrain these compositions, liquids on the
solidus in the 5- to 10-GPa range are komatiites with CaO/
A1203 and SiO2 that are both higher than mantle peridotite
[Herzberg, 1992]. Preliminary electron probe results indicate
thatliquidson the solidusat 20 GPa will haveCaO/A1203 in the
2 to 4 range, compared with about 1 for mantle peridotite.
But phase equilibrium control is still indicated for the
origin of mantle peridotite becauseKLB-1 has the properties
of a liquid that exhibits cotectic liquidus crystallization
behavior involving [L + Gt + Mw] from 18 to 22 GPa.
Basalts may provide a possible analog in that many of them
owe their geochemicalidentity to cotectic liquidus crystallization behavior involving [L + Cpx + Plag + O1] at low
pressures [O'Hara, 1968; Walker eta!., 1979]. Although
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Figure 15. Liquidus and solidustemperaturesfor anhydrous
peridotite KLB-1 reported here (solid lines) and by Takahashi
[1986](dashedlines). Solidustemperaturesfor KLB-1 reported
by Takahashi et al. [1993] are also shown (circles).

differences in magma physics can make these phase equilibrium comparisons misleading, it would be very unusual if it
was purely by chance that there exists compositional identity between mantle peridotite and high-pressure cotectic
liquid compositions. The implication is that mantle peridotite
may indeed be the product of a large-scale differentiation

event and that MgO/SiO2 for mantle peridotite may have
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....
;":
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been phase equilibrium controlled by cotectic crystallization
in a magma ocean.
A much larger question concerns the distribution of mantle peridotite and the overall MgO/SiO2 ratio of the Earth,
but this is beyond the scope of this paper. It is important to
note, however, that our experimental results cannot be used

to constrain the MgO/SiO2 for the bulk Earth. If it is
":5.
r•:•.-:.::•:::
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chondritic, then it may be inferred that mantle peridotite
formed as a solidified cotectic liquid, and majorite garnet
•'}:.•.:..
fractionation may have enriched the lower mantle in silica
[Herzberg and Gasparik, 1991]. Alternatively, if the Earth
,

...'.....

was madeof material in the solar nebulawith MgO/SiO2 that
was comparable in composition to mantle peridotite and its
pyrolite analog [McFarlane and Drake, 1990], then the
liquidus phase equilibria reported here may be irrelevant or
incidental in understanding Earth structure. An even more
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.....
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Mg Perovshte
Figure 14. Backscatter SEM photomicrographof the liquidus portion of a 22.5-GPa experiment (KLB1-36) run at
2375øC. The liquidus follows the isotherm out of the field of
view where it terminates next to the thermocouplejunction,
demonstrating that the nominal temperature equals the liquidus temperature. Magnesiowtistite is the liquidus phase.

intriguingpossibility is that the bulk Earth MgO/SiO2 is
greater than that for pyrolite, in which case fractionation of
magnesiowtistite to the lower mantle can be inferred from
our experimental results. In any case, we end with the
cautionary note that MgQ/SiO2 is a property of the Earth
that must be measured rather than assumed, and it remains to
be determinedwhether the liquidus phase equilibria reported

here are importantfor understanding
Earth structure.
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