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However, it can be a residue of komatiite melt extraction at >7Melting experiments on fertile peridotite KR4003, a ‘pyrolitic’
GPa from a mantle enriched in SiO2 relative to pyrolite.composition, were made from 3 to 7 GPa in piston-cylinder and

multi-anvil apparatus. Temperature gradients across the sample
were minimized (<25°C), and the compositions of all phases were
determined. Modal abundances of coexisting phases were calculated
by mass balance, and the results were used to determine phase

KEY WORDS: depleted peridotite; garnet peridotite; komatiite; peridotiterelations. Orthopyroxene is not stable at the solidus of garnet
meltingperidotite above ~3·3 GPa, but crystallizes above the solidus by

incongruent melting of cpx. Melt compositions from 3 to 7 GPa
(>10% melting) are picritic, komatiitic, and peridotitic. The Al2O3

content of partial melts decreases with increase in pressure because
of an increase in garnet stability, providing a barometer for melting. INTRODUCTION
The Al2O3 contents of komatiites indicate secular variation in the Melting of garnet peridotite is an important process in
average pressure of melt segregation from residues, with early Archean the genesis of a variety of magma types, including basalts,
komatiites and Cretaceous komatiites generated at the highest and picrites, komatiites, and alkalic magmas such as kim-
lowest average pressures, respectively. The high CaO/Al2O3 ratios berlites and carbonatites (e.g. Yoder, 1976; Wilson, 1989).
of Archean alumina undepleted komatiites (~0·9–1·5) require Moreover, the depleted residues formed in the melting
residual garnet if their sources were pyrolitic. Paradoxically, chon- events that produce these magmas are important com-
drite-normalized Gd/Yb of about unity in these komatiites precludes ponents of oceanic and cratonic lithosphere (e.g. Dick &
garnet involvement. Archean komatiite source regions may have had Fisher, 1984; Boyd, 1989). An excellent way to un-
CaO/Al2O3 values of about 1·4 and 1·0 in the early and late derstand the process of garnet peridotite melting is by
Archean, respectively, significantly greater than the pyrolitic ratio of experiment. A common experimental method, and the
0·8, whereas the source of Cretaceous komatiites may have had one followed here, is the forward approach whereby
pyrolitic CaO/Al2O3. Thus, secular variations in this ratio are one determines the phase relations of ‘natural’ starting
indicated. Chemical differences between coeval alumina undepleted materials that serve as model compositions for the Earth’s
and alumina depleted komatiites can be explained by melting at mantle. The advantage of this approach is that the results
similar pressures, with alumina undepleted komatiites segregating may be applied directly to melting in the mantle. The
from a garnet-free residue, and alumina depleted komatiites se- disadvantage is that multi-variant phase relations make
gregating from a garnet-bearing residue. Depleted, high-temperature the results specific to the chosen composition, and extra-
peridotites from cratons, and oceanic peridotites, can be melting polation of the results to other compositions can be
residues of pyrolitic mantle at low pressures (<3 GPa). Average ambiguous.
low-temperature peridotite from the Siberian craton can be generated In this study, the phase relations for melting of peri-
as a residue of komatiite melt extraction from a near-pyrolitic mantle dotite composition KR4003 have been determined from
at ~6 GPa and 40% melting. Average southern African low- 3 to 7 GPa. This peridotite is a sub-continental xenolith

from West Kettle River, British Columbia; a geologictemperature peridotite cannot be a melting residue of pyrolitic mantle.
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okayama-u.ac.jp  Oxford University Press 1998
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Table 1: Pyrolitic model mantle compositions

1 2 3 4 5

SiO2 44·9 44·5 45·0 45·2 44·7

TiO2 0·16 0·16 0·20 0·22 0·15

Cr2O3 0·41 0·31 0·38 0·46 —

Al2O3 4·26 3·59 4·45 3·97 3·9

FeO 8·02 8·10 8·05 7·82 8·5

MgO 37·3 39·22 37·8 38·3 38·0

CaO 3·45 3·44 3·55 3·50 3·2

MnO 0·13 0·12 0·14 0·13 0·14

NiO 0·24 0·25 0·25 0·27 —

Na2O 0·22 0·30 0·36 0·33 0·34

K2O 0·09 0·02 0·03 0·03 0·03

Total 99·18 100·01 100·21 100·23 98·96

mg-no.∗ 89·2 89·6 89·3 89·7 88·9

1, West Kettle River spinel lherzolite xenolith used in this study [as given by Xue et al. (1990), except Ti,
which has been determined by microprobe analysis of quenched melt]. 2, spinel lherzolite KLB-1 from
Kilbourne’s Hole (Takahashi, 1986). 3, pyrolite model of McDonough & Sun (1995). 4, least depleted
ultramafic xenolith model of Jagoutz et al. (1979). 5, average Zabargad peridotite (Bonatti et al., 1986).
∗mg-number calculated as molar (Mg/Mg+Fe)×100 where Fe2+/(Fe2+ + Fe3+) = 1.

and geochemical description of this and associated xeno- of precise information on phase relations and phase
compositions that has been obtained at lower pressures.liths has been given by Xue et al. (1990). KR4003 has a
In this study, the temperature gradient problem has beenmajor element composition that puts it in a class of fertile
minimized, and new data for melting of pyrolitic mantlecompositions referred to commonly as ‘pyrolitic’ upper
in the garnet stability field are presented. These data aremantle. The composition of KR4003 is listed in Table 1,
applied to models for the generation of komatiite magmas,along with the compositions of other estimates for fertile
and to the origin of oceanic and cratonic peridotite.upper mantle. KR4003 is close in composition to peri-

dotite KLB-1 (Takahashi, 1986), and is very similar to
pyrolite model compositions and to peridotites from
Zabargad that may represent fertile oceanic upper mantle EXPERIMENTAL MELTING OF
( Jagoutz et al., 1979; McDonough & Sun, 1995; Bonatti

GARNET LHERZOLITEet al., 1986). Mantle of this nature is thought to be
Philosophyrepresentative of primitive upper mantle, and perhaps

the entire mantle (e.g. McDonough & Sun, 1995). There- In many of the previously reported melting experiments
fore, it is important to know the melting behavior of on peridotite compositions made in multi-anvil apparatus,
pyrolitic mantle, not only to test models for the origin of a large temperature gradient (>50–100°C/mm) existed
magmas and residues, but also to assess the suitability of across the samples and run durations were a few to tens
pyrolite as a source material. of minutes (e.g. Takahashi & Scarfe, 1985; Herzberg et

The compositions of melts generated from pyrolitic al., 1990; Zhang & Herzberg, 1994). Large temperature
mantle have been determined with increasing precision gradients can have experimental advantages because an
in recent years at pressures up to 3 GPa (Falloon & isobaric slice of a phase diagram from solidus to liquidus
Green, 1988; Kinzler & Grove, 1992a; Hirose & Kushiro, can be obtained in a single experiment. However, in
1993; Baker & Stolper, 1994; Kushiro, 1996). Although such experiments the spatial relationship among phases
much has been learned about the phase relations of that is produced by the extreme temperature gradient
pyrolite at pressures from 3 to >20 GPa with the advent makes it virtually impossible to extract precise quan-
of the multi-anvil apparatus (Takahashi & Scarfe, 1985; titative information about phase relations and phase
Takahashi, 1986; Herzberg et al., 1990; Canil, 1992; chemistry, especially in the near-solidus portion of the
Takahashi et al., 1993; Zhang & Herzberg, 1994), tech- charge.
nical difficulties, associated mostly with high temperature In the experiments reported on here, temperature

gradients have been significantly reduced in an 18 mmgradients, have made it difficult to achieve the kind
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multi-anvil cell (<20°C/mm) by using stepped furnaces temperature gradient across the sample is estimated to
be <10°C, and temperature reproducibility is estimatedand highly insulating materials. Experiments are made
to be ±5°C. In multi-anvil runs the sample size wasfor many hours instead of minutes, and the traditional
~1·0 mm3 and, on the basis of two-pyroxene thermometrymethod of making a series of isobaric experiments from
(see Walter et al., 1995b), the temperature gradient acrosssubsolidus to liquidus is used to map out phase relations.
the sample is estimated at 15–25°C. Temperature re-The compositions of all coexisting phases in each ex-
producibility is estimated to be ±20°C.periment are analyzed, and phase proportions are cal-

culated quantitatively.

Analytical techniques
Experimental techniques

Presented in Tables 3–7 are analyses of coexisting phase
Presented in Table 2 are experimental conditions and compositions. Phases were analyzed for major and minor
run products. Experiments at 3 GPa were made in a 1

2 elements with a JEOL 8800 electron microprobe in
inch piston-cylinder device (Boyd & England, 1960) with wavelength-dispersive mode. Analytical conditions were
talc–Pyrex pressure cells and ceramic spacers surrounding a 15 kV accelerating potential, 10–30 nA beam current
the sample capsule. Pressure and temperature were raised and 30 s peak acquisition time for all elements, except
simultaneously and target experimental conditions were Na and K which were analyzed for 20 s to minimize loss
obtained using the ‘hot piston-out’ technique. On the by volatilization. The analytical spot size for mineral
basis of calibration of known phase transitions, a 3% phases was 2–5 lm, and for quenched melt regions was
correction for friction was applied, and precision in 5–50 lm. A combination of mineral and oxide standards
pressure is estimated to be ±0·05 GPa. Temperatures were used, and the minimum precision for major and
were measured with either Type C or Type D W/Re minor elements is about 1% and 3% relative, respectively.
thermocouples with no correction for the pressure effect The CITZAF correction scheme was used to reduce
on e.m.f., and were controlled automatically to ±4°C. counts to oxide concentrations. When elements are pres-

Experiments at 4–7 GPa were made in multi-anvil ent in trace amounts (<1000 ppm), their abundances
devices using two types of pressure cells, both having should be considered semi-quantitative.
18 mm edge lengths: (1) cast MgO octahedra (type MA-
1), and (2) pre-cast octahedra of MgO–5% Cr2O3 (type

Melt analysisMA-2). The furnace assembly in both pressure cells is
composed of a zirconia sleeve surrounding a stepped Temperature gradients, large or small, promote thermally
graphite heater with either MgO or Al2O3 ceramic spa- induced compaction of melt away from solids (i.e. sat-
cers, and is identical to the high-temperature 18 mm uration gradient diffusion). Thermal compaction is a
furnace assembly described by Walter et al. (1995b), rapid process (see Lesher & Walker, 1988) and it is
except that 7 mm o.d. zirconia sleeves were used instead observed in both piston-cylinder and multi-anvil ex-
of 6 mm. Experiments were made in both split-sphere periments; it cannot be eliminated as long as a tem-
and split-cylinder 6–8 type multi-anvil devices, using WC perature gradient exists and run durations are of the
second-stage anvils with 11 mm truncated edge lengths. order of hours. However, a steady-state condition may
Pressure calibrations were made at 1200°C as described be achieved where coexisting phase compositions rep-
by Walter et al. (1995b), and precision in pressure is resent the average equilibrium condition for the entire
estimated to be±0·3 GPa. Temperatures were measured charge (Lesher & Walker, 1988). A benefit of this process
using Type C W/Re thermocouples with no correction is that pools of quenched melt (tens to hundreds of
for the pressure effect on e.m.f., and were controlled microns) tend to segregate to the hot portions of a charge,
automatically to ±3°C. typically at the capsule walls, and the quenched melt

The starting material is finely crushed rock powder phase is typically composed entirely of fine-grained
(10–50 lm grain size) of xenolith sample KR4003. quench crystals (microns to sub-micron). This permitted
Sample powders were contained within graphite capsules analysis of quenched melt in experiments with a minimum
in all experiments. Octahedra, assembly parts, and the of ~10% melting. In some experiments there was a small
sample were fired for 1 h at 1000°C in an argon–1% amount of melting at one end or along the edges of the
hydrogen gas mixture before assembly, and after assembly charge. In these, phases in contact with the melt (hot
were held for 6–12 h at 110–240°C before an experiment portion) were observed to have a slightly different com-
to ensure a near-anhydrous run condition. Run durations position from those at the cold portion of the charge (e.g.
in piston-cylinder experiments ranged from 6 to 72 h, a more Mg-rich olivine in contact with the melt). A
and in multi-anvil experiments from 0·5 to 24 h. In possible explanation is that, unlike experiments with

higher degrees of melting, the phases at the cold endpiston-cylinder runs the sample size was ~4·0 mm3, the
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Table 2: Experimental conditions and run products

Run no. Cell type∗ P (GPa) T (°C) t (h) Phase assemblage

25.01 TP 2·5 1430 72 ol + opx + cpx + sp

26.01 TP 2·6 1415 72 ol + opx + cpx + gar + sp

30.05 TP 3 1500 66 ol + opx + cpx + gar + melt

30.12 TP 3 1515 66 ol + opx + cpx + melt

30.07 TP 3 1530 72 ol + opx + cpx + melt

30.14 TP 3 1540 48 ol + opx + melt

30.10 TP 3 1580 6 ol + opx + melt

30.11 TP 3 1630 6 ol + melt

40.02 MA-1 4 1540 24 ol + opx + cpx + gar

40.08 MA-2 4 1570 11 ol + cpx + gar + melt

40.06 MA-2 4 1590 11 ol + cpx + gar + melt

40.07 MA-2 4 1610 10 ol + opx +cpx + gar + melt

40.05 MA-1 4 1660 3 ol + opx + melt

45.07 MA-2 4·5 1580 10 ol + cpx + gar

45.03 MA-2 4·5 1620 12 ol + cpx + gar + melt

45.02 MA-2 4·5 1650 11 ol + opx + gar + melt

50.01 MA-2 5 1680 10 ol + cpx + gar + melt

60.02 MA-1 6 1670 24 ol + cpx + gar

60.04 MA-1 6 1700† 8 ol + cpx + gar + melt

60.01 MA-1 6 1710 8 ol + cpx + gar + melt

60.07 MA-2 6 1740 7 ol + cpx + ger + melt

60.05 MA-1 6 1755 6 ol + opx + cpx + gar + melt

60.03 MA-1 6 1770 6 ol + opx + melt

60.08 MA-2 6 1800 6 ol + melt

70.01 MA-1 7 1740 6 ol + cpx + gar

70.07 MA-2 7 1790 6 ol + cpx + gar + melt

70.02 MA-1 7 1810† 4 ol + cpx + gar + melt

70.05 MA-2 7 1820‡ 8 ol + cpx + gar + melt

70.09 MA-2 7 1835 6 ol + opx + gar + melt

70.08 MA-2 7 1850 4 ol + gar + melt

70.06 MA-2 7 1950 1 ol + liq

∗Pressure cells used in this study, where TP refers to talc–Pyrex cells used in piston-cylinder apparatus, and MA-1 and MA-
2 refer to MgO and MgO–5% Cr2O3 cells, respectively, used in multi-anvil apparatus.
†Experimental difficulties with temperature measurement. Temperatures estimated from problematic thermocouple, furnace
power, and phase assemblage.
‡Run 70.05 was made at a nominal temperature of 1780°C. A temperature of 1810°C is only an estimate made for consistency
and is based on the melt composition and melt fraction.

were unable to exchange components with the melt differential quench rates within a charge, and differential
plucking of phases during polishing, pose difficulties forbecause they were never in contact with it; that is, the

solidus was spanned by the temperature gradient across analyzing melts correctly. For example, in some ex-
periments spatial heterogeneity among quench crystalsthe charge.

These quench features effectively eliminate the problem occurs at a scale larger than the practical working size
of the electron beam, making it difficult to reconstructof phase separation of quench crystals from glass that is

typical in quenched melting experiments at lower pres- the quench composition. To minimize this problem, the
beam diameter was enlarged (20–50 lm) and many spotssures (Baker & Stolper, 1994; Walter & Presnall, 1994).

Even so, heterogeneous quench textures because of were analyzed (typically 10–20).
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Table 4: Clinopyroxene compositions

Run: 30.05 30.12 30.07 40.02 40.08 40.06 40.07 45.07 45.03 50.01

n: 12 10 10 10 10 14 14 16 10 10

SiO2 52·21 (42)∗ 52·47 (54) 52·06 (52) 55·40 (60) 54·08 (31) 54·38 (54) 54·27 (51) 54·43 (54) 55·14 (38) 55·10 (40)

TiO2 0·25 (3) 0·13 (4) 0·11 (4) 0·20 (4) 0·18 (5) 0·09 (5) 0·07 (3) 0·16 (6) 0·10 (2) 0·07 (2)

Cr2O3 0·74 (13) 0·81 (7) 0·91 (6) 0·39 (4) 0·40 (16) 0·47 (6) 0·61 (16) 0·38 (8) 0·43 (14) 0·41 (2)

Al2O3 8·70 (53) 8·07 (28) 7·50 (72) 4·09 (36) 4·99 (42) 4·89 (38) 5·56 (64) 3·75 (37) 3·51 (10) 3·66 (34)

FeO 5·13 (32) 4·87 (13) 4·72 (30) 5·33 (20) 5·60 (23) 5·36 (31) 5·08 (52) 5·55 (31) 4·97 (22) 5·36 (13)

MgO 22·32 (1·0) 23·67 (62) 24·45 (1·6) 24·93 (36) 25·58 (81) 26·74 (72) 26·47 (1·0) 25·36 (88) 26·80 (68) 27·36 (94)

CaO 10·65 (1·1) 10·16 (64) 9·72 (1·8) 9·59 (46) 8·10 (78) 7·50 (58) 7·37 (50) 8·87 (88) 7·53 (64) 7·14 (76)

MnO 0·15 (3) 0·14 (3) 0·14 (3) 0·14 (2) 0·15 (3) 0·14 (3) 0·13 (2) 0·14 (2) 0·13 (2) 0·12 (2)

Na2O 0·71 (4) 0·45 (3) 0·45 (4) 0·83 (4) 0·64 (0·07) 0·53 (3) 0·59 (16) 0·73 (10) 0·65 (8) 0·55 (3)

Total 100·86 (57) 100·77 (46) 100·06 (58) 100·90 (90) 99·72 (60) 100·10 (65) 100·15 (84) 99·37 (66) 99·26 (34) 99·77 (48)

Si 1·833 1·839 1·837 1·936 1·909 1·907 1·899 1·932 1·945 1·935

Ti 0·007 0·003 0·003 0·005 0·005 0·002 0·002 0·004 0·003 0·002

Cr 0·021 0·022 0·025 0·011 0·011 0·013 0·017 0·011 0·012 0·011

Al 0·360 0·333 0·312 0·168 0·207 0·202 0·229 0·157 0·146 0·151

Al(IV) 0·167 0·161 0·163 0·064 0·091 0·093 0·101 0·068 0·055 0·065

Al(VI) 0·193 0·172 0·149 0·105 0·116 0·108 0·128 0·089 0·091 0·087

Fe 0·151 0·143 0·139 0·156 0·165 0·157 0·149 0·165 0·147 0·157

Mg 1·168 1·237 1·286 1·299 1·346 1·398 1·380 1·342 1·409 1·432

Ca 0·401 0·382 0·368 0·359 0·306 0·282 0·276 0·337 0·285 0·269

Mn 0·004 0·004 0·004 0·004 0·004 0·004 0·004 0·004 0·004 0·004

Na 0·048 0·031 0·031 0·056 0·044 0·036 0·040 0·050 0·044 0·037

Total 3·993 3·994 4·005 3·994 3·997 4·001 3·996 4·002 3·995 3·998

mg-no.† 88·6 89·7 90·2 89·3 89·1 89·9 90·3 89·1 90·6 90·1

KFe/Mg‡ — 0·36 0·38 — — 0·35 0·36 — 0·32 0·37
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Table 5: Orthopyroxene compositions

Run: 30.05 30.12 30.07 30.14 30.10 40.02 40.07 40.05 45.02 60.05 60.03 70.09

n: 12 10 10 10 7 6 6 7 7 8 7 8

SiO2 53·28 (95)∗ 53·94 (70) 53·35 (70) 53·22 (80) 56·82 (48) 55·61 (1·1) 54·74 (48) 55·27 (72) 56·08 (34) 56·34 (42) 56·14 (56) 55·91 (48)

TiO2 0·18 (6) 0·10 (2) 0·08 (3) 0·07 (4) 0·04 (2) 0·14 (3) 0·07 (3) 0·03 (2) 0·02 (2) 0·03 (2) 0·02 (1) 0·02 (2)

Cr2O3 0·60 (15) 0·75 (8) 0·84 (14) 0·87 (18) 0·57 (12) 0·30 (4) 0·64 (12) 0·62 (10) 0·46 (9) 0·34 (4) 0·46 (2) 0·28 (4)

Al2O3 8·19 (1·5) 7·25 (86) 7·05 (1·2) 5·28 (30) 3·25 (60) 3·94 (28) 5·48 (40) 4·35 (92) 3·55 (56) 3·31 (34) 3·90 (27) 2·50 (42)

FeO 6·01 (20) 5·48 (8) 5·25 (25) 5·13 (21) 4·79 (16) 6·14 (18) 5·16 (40) 4·61 (24) 4·71 (11) 4·75 (32) 3·98 (25) 4·25 (49)

MgO 30·23 (68) 30·83 (52) 31·47 (62) 31·79 (82) 34·08 (50) 32·14 (1·2) 31·47 (58) 33·13 (84) 32·93 (57) 33·19 (30) 34·23 (30) 33·82 (62)

CaO 2·29 (15) 2·49 (17) 2·45 (25) 2·56 (21) 1·37 (16) 1·93 (36) 2·42 (26) 1·66 (30) 2·20 (26) 2·25 (48) 1·48 (6) 2·02 (36)

MnO 0·13 (2) 0·12 (4) 0·12 (2) 0·13 (3) 0·10 (2) 0·12 (2) 0·11 (2) 0·11 (2) 0·11 (2) 0·11 (3) 0·09 (2) 0·09 (4)

Na2O 0·21 (3) 0·12 (4) 0·13 (2) 0·13 (3) 0·07 (3) 0·27 (4) 0·23 (3) 0·08 (1) 0·19 (4) 0·16 (2) 0·11 (2) 0·20 (3)

Total 101·12 (52) 101·08 (34) 100·74 (48) 99·18 (49) 101·09 (46) 100·59 (1·3) 100·32 (94) 99·86 (38) 100·25 (57) 100·48 (36) 100·41 (98) 99·09 (44)

Si 1·828 1·847 1·835 1·861 1·931 1·915 1·885 1·903 1·926 1·930 1·915 1·939

Ti 0·005 0·003 0·002 0·002 0·001 0·004 0·002 0·001 0·001 0·001 0·001 0·001

Cr 0·016 0·020 0·023 0·024 0·015 0·008 0·017 0·017 0·012 0·009 0·012 0·008

Al 0·331 0·292 0·286 0·217 0·130 0·160 0·222 0·176 0·144 0·134 0·157 0·102

Al(IV) 0·172 0·153 0·165 0·139 0·069 0·085 0·115 0·097 0·074 0·070 0·085 0·061

Al(VI) 0·158 0·140 0·120 0·078 0·061 0·074 0·108 0·080 0·070 0·064 0·072 0·041

Fe 0·172 0·157 0·151 0·150 0·136 0·177 0·149 0·133 0·135 0·136 0·114 0·123

Mg 1·546 1·574 1·613 1·657 1·726 1·649 1·616 1·701 1·686 1·695 1·741 1·748

Ca 0·084 0·091 0·090 0·096 0·050 0·071 0·089 0·061 0·081 0·083 0·054 0·075

Mn 0·004 0·003 0·003 0·004 0·003 0·003 0·003 0·003 0·003 0·003 0·003 0·003

Na 0·014 0·008 0·009 0·009 0·005 0·018 0·015 0·005 0·013 0·011 0·007 0·013

Total 4·000 3·995 4·012 4·020 3·997 4·005 3·998 4·000 4·001 4·002 4·004 4·012

mg-no.† 90·0 90·9 91·4 91·7 92·7 90·3 91·6 92·8 92·6 92·6 93·9 93·4

KFe/Mg‡ — 0·32 0·33 0·33 0·30 — 0·31 0·32 0·34 0·37 0·31 0·36

∗Two standard deviation uncertainty.
†mg-number = (Mg/Mg + Fe)×100, where Fe2+/(Fe2++ Fe3+)= 1.
‡KFe/Mg= (Feopx/Femelt)×(Mgmelt/Mgopx).
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The quenched melts in two experiments were par- a phase boundary, compositional variations owing to the
temperature gradient overwhelm the resolution of theticularly difficult to analyze. In one, run 30.10, the
modal calculations.quenched melt was homogeneously distributed through-

out the charge, and no quench regions larger than ~10
lm were available for analyses. In these melt regions,
the quench crystals were large and of variable com- Attainment of equilibriumposition. The odd composition of this melt with respect

The experiments reported here have not been reversedto others at 3 GPa (e.g. high SiO2) suggests that the
so equilibrium cannot be proved rigorously. However,actual melt composition was not attainable. In the second,
data from liquidus experiments reported by Presnall etrun 40.05, the melt quenched as a large pool, but was a
al. (1978) show that phase boundary reversals based onmixture of glass and quench crystals. The melt com-
appearance and disappearance of phases require lessposition given in Table 3 was reconstructed from analyses
time than that required for homogenization of phaseof both quench and glass, in proportions reflecting their
compositions, and are on the order of 2–4 h for peridotiteperceived abundances in the melt pool.
phases crystallized from melt at 1400–1600°C. Nearly
all experiments reported here, with the exception of near-
liquidus experiments, are at least a factor of two longerModal calculations
in duration than this minimum, and most are at higherTo discuss phase relations quantitatively, the modal pro-
temperatures, which should facilitate more rapid equi-portions of phases in each experiment must be known.
libration.Modal proportions (wt %) are calculated by mass balance

between the compositions of coexisting phases and the
system bulk composition. This is done by solving for x Phase homogeneity
in the matrix equation, A·x = b, where A is an M× N A more rigorous assessment of equilibrium can be made
matrix composed of M phases and N components (com- from observations of phase homogeneity, and by con-
position matrix), x is the solution vector (phase modes) sidering exchange equilibria between melts and solids.
and b is a known vector (bulk composition). Because At equilibrium, the observed uncertainties in phase com-
there are ten major and minor element components, positions within a single experiment should be within the
systems with two to five phases are overdetermined. microprobe analytic uncertainty.
To circumvent this problem, only the major element Melt. Uncertainties in melt composition are given as
components SiO2, Al2O3, FeO, MgO and CaO are used two standard errors of the mean (2r/8n) in Table 3.
to mass balance experiments with three to five phases, This statistical measure is appropriate when analyzing
and SiO2, FeO and MgO are used in experiments with complex mixtures of quench phases wherein much of
two to three phases. In most cases the set of equations the uncertainty can be attributed to random sampling
is still overdetermined, but robust solutions, in the least- by the probe beam rather than inherent heterogeneity.
squares sense, can be obtained for such systems. A On average, uncertainties for most elements in all melts
singular value decomposition method (Press et al., 1992) are ~1% relative, very near microprobe uncertainty levels
was used to solve the mass-balance equations. To assess and indicating homogeneity. Among major elements,
the uncertainties in the calculated modes that are as- Mg and Fe exhibit the most variation with average
sociated with microprobe analytic uncertainty, Monte uncertainties of ~2% relative. Na and K uncertainties
Carlo simulations were performed. Microprobe error (2r are typically 5–10% relative, but can be as high as 20%
for solid phases and 2r/8n for melt) was randomly in low-degree melts. This feature is puzzling, but may
distributed about the average composition for each oxide be attributable to Na- and K-rich quench segregations
in each phase, and 400 solutions to the matrix equation that are interstitial to other quench crystals and polish
were generated. The resultant modes were then treated differentially. There is no indication of melt heterogeneity
statistically. Presented in Table 8 are the calculated modal caused by chemical diffusion in the temperature gradient
proportions of phases for each experiment with one (Soret effect).
standard variance uncertainty. For nearly all experiments, Olivine. At the two standard deviation level (2r), un-
the calculated modes reproduced the observed phase certainties for Si, Fe and Mg are typically 1–2% relative,
assemblages. The exceptions are runs 70.08 and 60.05. somewhat larger than microprobe uncertainty. Fe–Mg
A negative coefficient was obtained for garnet (–1·0 wt exchange between mineral and melt, calculated as K D=
%) in run 70.08 and for clinopyroxene (cpx: –1·6 wt %) (Femin/Femelt)× (Mgmelt/Mgmin), gives a value of 0·35 ±
in run 60.05. These phases are present in minor amounts 3 (2r, where error is assigned to the least significant
in these experiments, indicating that they were nearly digit).
consumed in the melt. It is likely that when the tem- Pyroxenes. At the 2r level, all major elements in pyr-

oxenes exhibit variations greater than expected fromperature gradient in an experiment is close to or spans
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Table 8: Modal abundances of phases (in weight percent)

Exp. no. Olivine Opx Cpx Garnet Melt RR2∗

30.05 53·1 (9)† 17·7 (2·5) 27·3 (1·8) 1·9 (9) trace‡ 0·53

30.12 52·5 (5) 19·8 (1·0) 14·0 (1·6 — 13·8 (1·1) 0·39

30.07 51·5 (6) 20·6 (2·1) 9·4 (2·7) — 18·5 (1·4) 0·59

30.14 50·5 (9) 25·1 (9) — — 24·4 (3) 0·40

30.10 52·9 (5) 9·9 (8) — — 37·2 (8) 0·29

30.11 47·3 (5) — — — 52·7 (3) 1·58

40.02 53·6 (4) 5·6 (1·2) 27·9 (9) 12·9 (3) — 0·36

40.08 53·3 (5) — 35·7 (5) 11·0 (4) trace 0·46

40.06 52·3 (5) — 30·5 (9) 8·0 (5) 9·2 (1·0) 0·32

40.07 51·5 (8) 7·1 (2·5) 23·3 (2·8) 5·2 (7) 12·9 (1·7) 0·30

40.05 47·0 (4) 14·2 (8) — — 38·8 (8) 0·53

45.07 53·0 (8) — 34·0 (7) 13·0 (4) — 0·33

45.03 51·8 (6) — 25·8 (1·2) 10·2 (4) 12·2 (1·6) 0·26

45.02 44·0 (6) 17·8 (7) — 1·0 (4) 37·2 (7) 0·34

50.01 50·6 (5) — 28·3 (7) 11·1 (3) 10·0 (7) 0·40

60.02 54·8 (7) — 30·0 (7) 15·2 (3) — 0·23

60.04 53·4 (4) — 31·9 (4) 14·7 (3) trace 0·73

60.01 50·3 (5) — 26·6 (6) 12·1 (3) 11·0 (9) 0·36

60.07 47·8 (6) — 22·6 (6) 10·2 (2) 19·4 (6) 0·28

60.05 41·8 (8) 15·4 (2·1) −1·6 (2·8) 3·3 (7) 41·1 (2·3) 0·36

60.03 41·6 (5) 8·7 (1·2) — — 49·7 (7) 0·41

60.08 35·0 (5) — — — 65·0 (4) 0·64

70.01 53·8 (8) — 29·6 (7) 16·7 (4) — 0·42

70.07 48·5 (6) — 22·1 (8) 13·7 (4) 15·7 (1·0) 0·22

70.02 46·7 (6) — 19·8 (7) 11·8 (2) 21·7 (8) 0·31

70.05 44·4 (4) — 12·7 (5) 7·8 (2) 35·1 (7) 0·38

70.09 39·5 (3) 8·4 (5) — 4·7 (2) 47·4 (5) 0·56

70.08 32·9 (6) — — −1·0 (3) 68·1 (7) 0·81

70.06 13·8 (2·1) — — — 86·2 (1·8) 0·81

∗Sum of the square of the residuals calculated by solving for b in A·x=b using phase proportions (A) and phase compositions
(x, normalized to 100%) for all elements, and finding the absolute difference (residuals) from the bulk composition, KR4003.
†One standard variance uncertainty from microprobe error as calculated from Monte Carlo simulation (see text).
‡Trace refers to an estimate of <5% melting. Mode calculated on a melt-free basis.

microprobe uncertainty. Average relative errors are ~2% that the experiments have not reached complete equi-
librium with respect to all exchange components. How-for Si, 3% for Fe, 4% for Mg, and 10% for Ca and Al.

Clinopyroxenes and orthopyroxenes have K D values of ever, circumstantial evidence for a close approach to
equilibration is that observed K D values for all phases are0·35 ± 5 and 0·33 ± 4, respectively.

Garnet. In subsolidus and near-solidus runs, the presence relatively constant and are consistent with observations
from other peridotite melting experiments. For example,of aluminous spinel in the cores of some garnet grains

precludes complete equilibration. These grains were Herzberg & Zhang (1996) reported an average olivine–
melt K D of 0·33 ± 6 and a garnet–melt K D of aboutavoided during analysis. For major elements, average

relative errors are ~1% for Si, ~3% for Fe, Mg and Al, 0·48± 6 in high-pressure melting experiments on KLB-
1, whereas Agee et al. (1995) reported an olivine–meltand ~5% for Ca. Garnets have an average K D of 0·45

± 6. Average errors in the minor elements Cr and Ti K D of 0·36 ± 9 for melting of Allende chondrite at 10
GPa. Kinzler (1997) has reported K D values of 0·33 ±are ~15% relative.

Element uncertainties in solid phases are typically 3 for olivine, 0·36 ± 4 for cpx, 0·33 ± 4 for opx and
0·54 ± 6 for garnet in peridotite melting experimentsgreater than microprobe analytic uncertainty, indicating
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at 1·5–2·3 GPa, and found that typically crystallizes from melt at temperatures above the solidus.
The change from a two-pyroxene to a single-pyroxeneK Dgar > K Dcpx > K Dol > K Dopx. The absolute K D values

from these experiments, and their values relative to assemblage at 3·3 GPa occurs because the enstatite
component of cpx at the solidus increases continuouslyeach other, are generally consistent with those in the

experiments reported on here. with pressure and temperature, and eventually pyrolitic
compositions lie outside the composition space definedFinally, the modal abundances of phases in each ex-

periment, as determined by mass balance, show that mass by the assemblage olivine+ opx+ cpx+ garnet (see
also Kinzler & Grove, 1992a; Bertka & Holloway, 1993;is conserved within a reasonable degree of uncertainty in

all experiments (Table 8). Walter et al., 1995a; Longhi & Bertka, 1996). Heating
above the solidus causes opx to crystallize from the melt
by incongruent melting of cpx to form opx+melt. This
generates the peritectic reactions, olivine+

Phase relations cpx+ garnet = melt+ opx and ol+ cpx =
Figure 1 is a pressure–temperature isopleth for com- opx+melt. Peritectic melting of peridotite at high pres-
position KR4003. For clarity, the only phase boundaries sures, with opx crystallizing from melt upon heating, has
drawn in the diagram are those showing the position of been identified previously (e.g. Davis, 1964; O’Hara &
the subsolidus transition from spinel to garnet lherzolite, Yoder, 1967; Mysen & Kushiro, 1977; Herzberg et al.,
the solidus, and an outline of the supra-solidus region 1990; Bertka & Holloway, 1993; Walter et al., 1995a).
within which orthopyroxene (opx) is stable. The transition Below 3·3 GPa peritectic melting begins at the solidus,
from spinel to garnet lherzolite at the solidus is estimated but at pressures above 3·3 GPa the degree of melting at
to occur at ~2·6 GPa and 1450°C, although in detail which opx crystallizes from melt increases with pressure;
this transition will occur over a range of pressure and for example, at 4 GPa the peritectic reaction begins at
temperature. The temperature range of opx stability is ~12% melting, and at 7 GPa at ~38% melting. Although
reduced with increase in pressure and, although the data opx crystallizes upon heating above the solidus, it is
extend only to 7 GPa, indications are that opx will no eventually dissolved back into the melt. The first phase
longer be present in the melting interval above ~10 GPa, to be consumed during melting changes from garnet at
generally consistent with the results of Zhang & Herzberg pressures below ~4·2 GPa to cpx at higher pressure, and
(1994) for KLB-1. Canil (1992), who also made ex- garnet stability continues to increase to higher degrees
periments in a cell with a relatively low temperature of melting with increase in pressure. Indeed, garnet is
gradient, and Takahashi (1986) both determined a solidus stable to higher degrees of melting than opx at pressures
temperature for peridotite KLB-1 of ~1625°C at 5 GPa, above ~6·6 GPa.
which is very close to the solidus of KR4003 at this Takahashi et al. (1993) made a number of experiments
pressure (~1640°C). However, Takahashi et al. (1993) between the solidus and liquidus of KLB-1 at both 4·6
and Zhang & Herzberg (1994) located the solidus of and 6·5 GPa using an assembly with a low temperature
KLB-1 at ~1725°C at 5 GPa. Some of these differences gradient, but never observed opx in the melting interval.
may be explained by interlaboratory pressure and tem- This is at odds with data for melting of KR4003, but
perature biases, although the solidus of KR4003 might more disturbingly, is at odds with results from other
be somewhat lower than that of KLB-1 because KR4003 laboratories for melting of KLB-1. However, Fig. 2
is more fertile, having lower MgO, and higher SiO2 and provides a means of reconciliation between these ap-
Al2O3 contents. parently discrepant results. At 4·6 GPa, Takahashi et al.

Figure 2 is a pressure–percent melting isopleth that is have a gap in their experiments between 22 and 55%
constructed on the basis of modal calculations. Takahashi melting, and at 6·5 GPa a gap exists between 34 and
(1986) and Takahashi et al. (1993) reported that opx was 72% melting. Figure 2 shows that these gaps correspond
not stable at the solidus or in the melting interval of closely to the range of melting where opx is stable
peridotite KLB-1 above a pressure of ~3·5 GPa. Con- at these pressures. Perhaps an unfortunate spacing of
versely, Herzberg et al. (1990), Canil (1992) and Zhang experiments in the study by Takahashi et al. precluded
& Herzberg (1994) reported opx in the melting interval their observing opx in the melting interval.
of KLB-1 up to pressures of ~10 GPa. In agreement with
Takahashi (1986) and Takahashi et al. (1993), between 2·6
and 3·3 GPa, the solidus assemblage for KR4003 is

Melting reactionsolivine+ opx+ cpx+ garnet+melt, but above 3·3
GPa opx is no longer stable at the solidus, and the Shown in Fig. 3 are modal abundances of residual

minerals as a function of melt percent at 3 and 7 GPa.assemblage is olivine+ cpx+ garnet+melt. However,
in agreement with Herzberg et al. (1990), Canil (1992) These curves are constructed on the basis of the modal

abundances given in Table 8, and curves are drawn toand Zhang & Herzberg (1994), above 3·3 GPa opx
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Fig. 1. Pressure–temperature isopleth for equilibrium melting of peridotite KR4003. Run conditions are given in Table 1. Abbreviations in all
figures: ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; gar, garnet; sp, spinel. Filled symbols denote an assemblage containing opx. Contours
show the solidus, the field of opx stability (bold lines), and the spinel to garnet lherzolite subsolidus transition. Opx is not stable at the solidus
above 3·3 GPa, but crystallizes from melt above the solidus.

Fig. 2. Pressure–melt percent (wt %) isopleth for KR4003, based on the modal calculations given in Table 8. Symbols are as in Fig. 1. Bold
lines show the field of opx stability.

be consistent with the phase boundaries in Fig. 2. Changes Table 9 gives melting reactions over discrete melting
intervals corresponding in most cases to the appearancein modal abundances can be used to calculate melting

reactions using the method of Walter et al. (1995a). and disappearance of phases. These reactions give the
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Table 9: Garnet peridotite melting reactions at 3 and 7 GPa

(in weight units)

Melting interval Reaction

3 GPa

0–10% (garnet-out) 7 olivine + 68 cpx + 25 garnet = 84 melt + 16 opx

10–23% (cpx-out; opx-max.) 6 olivine + 94 cpx = 64 melt + 36 opx

23–50% (opx-out) 3 olivine + 97 opx = 100 melt

7 GPa

0–10% 26 olivine + 50 cpx + 24 garnet = 100 melt

10–38% (opx-in) 25 olivine + 51 cpx + 24 garnet = 100 melt

38–46% (cpx-out; opx-max.) 18 olivine + 57 cpx + 25 garnet = 46 melt + 54 opx

46–60% (opx-out) 13 olivine + 62 opx + 25 garnet = 100 melt

60–65% (garnet-out) 68 olivine + 32 garnet = 100 melt

Fig. 3. Modal abundance of phases in the residue (normalized to 100 wt % solids) vs percent melting (wt %). Curves are fitted to the data by
eye. Filled and open symbols are for 3 and 7 GPa data points, respectively. Melting reactions in Table 9 are calculated on the basis of these
curves.

net change in mass of phases over large melting intervals. present at the solidus, and the melting reaction is of
eutectic type. At ~38% melting, opx begins to crystallizeConversely, an instantaneous reaction calculated over an

infinitely small melting interval will have a different from melt during heating and reaches a maximum in
the residue at ~46% melting, again corresponding tostoichiometry. However, these reactions provide a general

basis for discussing the relative contributions of phases elimination of cpx in the residue. Continued heating
dissolves prodigious amounts of opx into the melt, andto melting.

The solidus melting reaction at 3 GPa is of peritectic causes an increase in SiO2. The phase relations of the
pyroxenes at the peridotite solidus, and throughout thetype, and opx crystallizes from melt during heating. Opx

abundance in the residue (Fig. 3) reaches a maximum melting interval, are explicable in terms of the topological
treatment of phase relations along the En–Di join sug-when cpx is completely dissolved in the melt, and further

heating dissolves opx and olivine. At 7 GPa, opx is not gested by Longhi & Bertka (1996); specifically, the data
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for KR4003 are consistent with the topology depicted in Figure 5 shows oxide vs degree of melting plots for
their fig. 3b. Further, Milholland & Presnall (1998) have major and minor elements. Polynomial curves have been
deduced very similar phase relations for melting of garnet fitted to the major element data and Cr2O3, and power-
lherzolite in the system CaO–MgO–Al2O3–SiO2 (CMAS) law curves to the incompatible minor elements. These
at 3 GPa. curves do not have functional forms that can adequately

recapture the complex chemical variations in all cases.
Indeed, the data are not always sufficiently precise to
render meaningful parameterizations. Instead, theseMelt compositions
curves are used as visual guides for deducing generalized

Plotted in Fig. 4 are melt compositions from Table 3 as trends. For major elements the competing effects of
projected from cpx onto olivine–opx–garnet using the pressure and degree of melting are clearest for MgO,
garnet lherzolite normative scheme of Kelemen et al. CaO and Al2O3. At constant pressure, MgO increases
(1992). Isobaric equilibrium melting trends are distinctly and CaO decreases with melting, whereas Al2O3 increases
defined on this projection and, although a single norm- to a maximum corresponding to garnet exhaustion in
ative projection cannot convey all compositional features, the residue and then decreases. At constant degree of
the general phase relations of melting are adequately melting, MgO increases with pressure and CaO and
portrayed. Shown as a dashed line is the approximate

Al2O3 decrease with pressure. Similar to Al2O3, bothposition of the opx-in curve, meaning that opx is present
SiO2 and Cr2O3 apparently increase to a maximum andto the opx-rich side of the curve. The opx-in curve
then decrease with increased melting. Maxima in SiO2effectively defines the trend of melts in equilibrium with
can be attributed to opx exhaustion in the residue. Therefour-phase garnet lherzolite as a function of pressure.
is a strong indication that SiO2 decreases with increaseShown as a bold continuous line is the garnet-out curve,
in pressure at constant degree of melting, but uncertaintiesmeaning that garnet is not present to the opx-rich side
are too large to be sure of this. FeO decreases withof the curve. During isobaric melting, low-degree melts of
increased melting, and increases with increase in pressure,less than ~10% do not contain normative opx (nepheline
although there is considerable scatter in the data. In-normative in the CIPW scheme) over the experimental
compatible minor elements correlate strongly with degreepressure range. Thus, initial melts on the fertile garnet
of melting. Data for K2O and TiO2 approximate closelyperidotite solidus do not become enstatite normative with
to power-law curves calculated assuming total in-increase in pressure, in apparent contradiction to the
compatibility in solids during melting. The data for Na2Opredictions of O’Hara (1968) and Walter & Presnall
show considerable scatter about a power-law curve fitted(1994) based on data from simplified systems (but see
to the data (not assuming total incompatibility) with nobelow). With increased isobaric heating, melts become
resolvable pressure effect.progressively enriched in normative opx and garnet rel-

Herzberg (1995) and Herzberg & Zhang (1996) haveative to olivine, until the garnet-out curve is reached. At
noted the utility of the Al2O3 vs CaO/Al2O3 diagram forthis point, continued heating moves melt compositions
discerning the pressure of origin of ultramafic melts fromtoward opx until opx exhaustion in the residue, after
garnet peridotite. Figure 6a shows Al2O3 vs CaO/Al2O3which melts move toward the bulk composition as olivine
for melting of KR4003. Contours of constant pressuredissolves into the melt. At constant degree of melting, melt
and degree of melting have been fitted to the data bycompositions move in the general direction of normative
eye. Al2O3 decreases significantly with increase in pressureolivine with increase in pressure, because of expansion
and is useful as an indicator of pressure of melting,and contraction of the garnet and olivine stability fields,
whereas CaO/Al2O3 is sensitive to degree of melting orrespectively (see also Herzberg, 1992). For comparison,
source depletion. An important feature of this diagramshown in Fig. 4b are data for isobaric invariant melting
is that the CaO/Al2O3 ratio at which garnet is exhaustedof garnet lherzolite at 3–10 GPa in the system CaO–
in the residue is essentially constant with pressure atMgO–Al2O3–SiO2 (CMAS) from the work of Gud-
~0·86, that is, very near the bulk CaO/Al2O3 of KR4003finnsson & Presnall (1996) and Herzberg & Zhang (1997,
at 0·8. This is used below for deducing the compositionsubmitted). The trend for isobaric melting in CMAS is
of komatiite source regions. Another diagram that isremarkably consistent with the trend of the opx-in curve
useful for identifying source characteristics of ultramaficfor KR4003, although CMAS melts are displaced to
melts is Al2O3/TiO2 vs CaO/Al2O3, as is shown inhigher garnet contents at a given pressure. Solidus melts
Fig. 6b. As in Fig. 6a, melting contours are fitted to thein the CMAS system in equilibrium with four-phase
data by eye. Low-degree melts have low Al2O3/TiO2garnet lherzolite become more opx-rich with pressure,
owing to the incompatible nature of TiO2 and the effectvindicating the predictions mentioned above. However,
of garnet in withholding Al2O3 from the melt. An increaseat the solidus of fertile natural peridotite, opx is not stable

above ~3·3 GPa and solidus melts are opx deficient. in melting raises Al2O3/TiO2 and lowers CaO/Al2O3,

45



JOURNAL OF PETROLOGY VOLUME 39 NUMBER 1 JANUARY 1998

Fig. 4. Molecular normative diagram showing KR4003 melt compositions from 3 to 7 GPa projected from cpx onto opx–olivine–garnet, using
the garnet lherzolite norm of Kelemen et al. (1992). Isobaric (GPa), percent melting (wt %), and mineral stability contours are fitted to the data
by eye. Opx is stable to the opx-rich side of the bold, dashed curve. Garnet is stable to the opx-poor side of the bold, continuous curve. Data
for melting of garnet lherzolite in the CMAS system at 3 and 3·4 GPa are from Gudfinnsson & Presnall (1996), and data at 5 and 10 GPa are
from Herzberg & Zhang (1997, submitted).

and at the point of garnet exhaustion from the residue Komatiite data set
melts have Al2O3/TiO2 > 13 and CaO/Al2O3 < 0·86. Here, constraints on the origin of komatiites are made

by comparing phase equilibrium data from KR4003
(i.e. pyrolitic mantle), with a representative data set of
komatiite magmas from early Archean to Cretaceous.
The data set includes komatiites from Barberton green-

ORIGIN OF KOMATIITE stone belt, South Africa (~3·5 Ga), Belingwe greenstone
belt, Zimbabwe (~2·7 GPa), Munro, Newton and TisdaleSpinifex-textured high-MgO ultramafic rocks, komatiites,
Townships, Canada (~2·7 Ga), Pilbara and Yilgarn,have erupted from early Archean to Cretaceous, and
Western Australia (~3·5 and ~2·7 Ga, respectively) andmay provide a record of the compositional and thermal
Gorgona Island (~0·12 Ga). All data are from the lit-evolution of the mantle. On the basis of experimental
erature and the sources are listed in the caption to Fig. 7.evidence it is known that komatiitic magmas can be
Nearly all komatiite compositions in the data set aregenerated by melting of peridotite in the upper mantle
aphyric or spinifex-textured ultramafic lavas. Komatiiteor transition zone at pressures in the range of 3–15 GPa
taxonomy can be confusing, and here a bi-modal clas-(e.g. Takahashi & Scarfe, 1985; Takahashi, 1986, 1990;
sification is adopted. Alumina undepleted komatiitesWei et al., 1990; Herzberg, 1992, 1995). Currently pre-
(AUKs) typically have CaO/Al2O3 (wt %) of ~1 or less,vailing models specify that komatiites were generated
have Al2O3/TiO2 (wt %) of ~15–20, and have Gd/in upwelling plumes of hot mantle material, perhaps
Ybn (normalized to chondritic Gd/Yb) of ~1. Aluminaanalogous to melting processes operating at modern ‘hot-
depleted komatiites (ADKs) have CaO/Al2O3 >1, havespot’ locations (e.g. Arndt, 1977; Campbell et al., 1989;
Al2O3/TiO2 of <10–15, and are characterized by Gd/Takahashi, 1990; Herzberg, 1992, 1995; Arndt et al.,
Ybn >1.1997). It has been postulated that komatiite magmas

Primary komatiite magmas from all locations havetrack the history of the cooling of Earth’s interior, with
undergone crystallization differentiation. Further, Ar-early Archean komatiites generated at the highest pres-
chean komatiites are invariably metamorphosed and al-sures and temperatures and Cretaceous komatiites along
teration has led to mobilization of some elements. It iswith modern picritic and high-MgO magmas derived at
shown below (see section ‘Komatiite Source Composition:lower pressures and temperatures (e.g. Takahashi, 1990;

Arndt & Lesher, 1992; Herzberg, 1992, 1995). Data Reliability’) that olivine-control is predominant in
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Fig. 7. (a) Al2O3 vs CaO/Al2O3, showing komatiites relative to theFig. 6. (a) Al2O3 vs CaO/Al2O3 and (b) Al2O3/TiO2 vs CaO/Al2O3,
melting contours from Fig. 6a. Data from Gorgona (Cretaceous: Aitkenin wt %, showing melt compositions from KR4003. Isobars (thin
& Echeverria, 1984), Belingwe (late Archean: Nisbet et al., 1987; Bicklecontinuous lines) and percent melting contours (thin dashed lines) are
et al., 1993), Canada (Ο, Munro Township, late Archean: Nesbitt &fitted to the data by eye. Garnet is stable in the residue to the right of
Sun, 1976; Arndt et al., 1977; Arth et al., 1977; Cattell & Arndt, 1987;the bold, continuous line, and is eliminated from the residue at a
Xie et al., 1993), Western Australia (Μ, Yilgarn, late Archean: Hallbergconstant CaO/Al2O3 of ~0·86.
& Williams, 1972; Nesbitt & Sun, 1976; Sun & Nesbitt, 1978) and
Barberton (Ε, early Archean: Sun & Nesbitt, 1978; Williams & Furnell,
1979; Smith & Erlank, 1982) are alumina undepleted komatiites (AUKs).data from all locations, and element mobility has not Data from Canada (Η, Newton and Tisdale Townships, late Archean:

affected significantly the selected data. The ratios CaO/ Cattell & Arndt, 1987; Xie et al., 1993), Western Australia (Α, Pilbara,
early Archean: Nesbitt et al., 1979) and Barberton (Φ, early Archean:Al2O3, Al2O3/TiO2 and Gd/Yb are not fractionated by
Sun & Nesbitt, 1978; Nesbitt et al., 1979; Smith & Erlank, 1982) areolivine subtraction or addition, but are sensitive to pres-
alumina depleted komatiites (ADKs). Two ADKs have CaO/Al2O3 >2

sure of melting, degree of melting, and residual source and are not shown, one each from Barberton and Pilbara. Filled
symbols are from localities where some samples are known to havemineralogy (especially residual garnet). These chemical
Gd/Ybn of ~1, and open symbols are from localities known to haveparameters, along with Al2O3, are used for deducing the
Gd/Ybn >1. Estimated primary magmas from Gorgona (large openconditions of origin for komatiite. circle) and Belingwe (large shaded circle) are also shown. (b) Al2O3/
TiO2 vs CaO/Al2O3 for average komatiites from each location relative
to KR4003 melting contours. Error bars are one standard deviation
from the mean.

Melting process
Experimental data for equilibrium melting of KR4003 composition that polybaric near-fractional melting will
can be applied quantitatively to komatiite genesis, strictly have relative to batch melting. Kinzler & Grove (1992b)
speaking, only within the context of isobaric batch melting made a quantitative assessment of polybaric near-frac-
of a fertile source. The melting and segregation processes tional melting of spinel and plagioclase lherzolite, and
by which komatiites are generated are not well con- generalizations from their results provide a basis for
strained, and complex polybaric fractional melting scen- making predictions at higher pressures. For example, in
arios, such as dynamic melting and source depletion, are their data set, for a constant degree of batch melting, FeO
viable mechanisms. A quantitative assessment of the effect increases and SiO2 decreases with increasing pressure.
of the melting process using this data set is not possible, Kinzler & Grove found that accumulated polybaric frac-

tional melts are higher in FeO and lower in SiO2 thanbut it is possible to predict qualitatively the effect on melt
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in the case of batch melting to an equivalent degree at Barberton have Gd/Ybn of about unity (where Gd/Ybn

the average pressure in the melting column. Further, means chondrite normalized) (Sun & Nesbitt, 1978; Jahn
incompatible elements such as TiO2 and Na2O are en- et al., 1982; Arndt & Jenner, 1986; Cattell & Arndt, 1987;
riched in accumulated melts. By extension of these finding Xie et al., 1993). Thus, garnet is precluded as a residual
to garnet peridotite melting, one can predict that, because phase for komatiites from these locations. However,
high-pressure melts are depleted in garnet components, Fig. 7a shows that for pyrolitic mantle (i.e. near-chondritic
an accumulated polybaric near-fractional melt will have CaO/Al2O3 and Al2O3/TiO2), garnet would be a stable
lower Al2O3 and Al2O3/TiO2, and higher CaO/Al2O3, phase in the residues of nearly all AUKs; that is, they
than would a batch melt to an equivalent degree at the have CaO/Al2O3 > 0·86. This creates a paradox. How
average pressure of melting. The complementary effects can the trace element signature that precludes garnet in
of such dynamic melting on source depletion are discussed the source region of AUKs be reconciled with their
below. high CaO/Al2O3 (i.e. relative to the garnet-out curve)?

Conversely, ADKs from Barberton, Canada, and West-
ern Australia have Gd/Ybn >1 indicating garnet in the
residue ( Jahn et al., 1982; Cattell & Arndt, 1987; GruauConditions of komatiite genesis
et al., 1987; Xie et al., 1993), and this is consistent with

Figure 7a shows komatiite compositions relative to the the high CaO/Al2O3 of these lavas.
melting contours from Fig. 6a. Olivine-control lines are Figure 7b shows komatiite compositions on a plot of
vertical on this diagram because olivine fractionation Al2O3/TiO2 vs CaO/Al2O3 relative to melting contours
does not change CaO/Al2O3, but increases Al2O3. Model for KR4003. For clarity, average komatiite compositions
primary magmas, estimated on the basis of Mg-rich with standard deviations are shown for each location.
olivines, are shown for Gorgona and Belingwe (large What we are searching for are conditions that can yield
symbols). For batch melting of pyrolite, early Archean the observed characteristics of high CaO/Al2O3 and
komatiites can be generated at 8–10 GPa (10–30% Al2O3/TiO2 in AUKs, without leaving a garnet-bearingmelting), late Archean komatiites, as exemplified by those

residue. There are several possibilities to consider, in-from Belingwe for example, at ~7 GPa (30 to >50%
cluding (1) komatiite data reliability, (2) the effect of H2Omelting), and Cretaceous komatiites from Gorgona at ~4
on melt composition and garnet stability, (3) dynamicGPa (~30% melting). Herzberg (1995) deduced similar
melting and source depletion, and (4) non-pyrolitic sourcepressures of melt generation for komatiites from these
compositions.localities using this type of diagram for melts from KLB-

1. These estimates of pressure and degree of melting lose
their specific meaning in dynamic melting processes. Data reliability
However, Al2O3 will be sensitive to pressure of melting Could element mobility during fluid alteration have in-
in either batch or dynamic melting, so the general sig- creased CaO/Al2O3 and Al2O3/TiO2 in AUKs away
nature of highest pressure melting in the early Archean from primary pyrolitic values? Beswick (1982) argued
to lowest pressure melting in the Cretaceous is robust. that Si, Al, Fe, Mg, Ca and Ti were essentially immobile
Herzberg (1995) suggested that variations in Al2O3 and during alteration of many Archean komatiites. Lecuyer
CaO/Al2O3 in komatiite melts reflect a secular change

et al. (1994) found evidence for Ca mobility in highly
in the pressure and temperature of intersection of the olivine-phyric rocks from Barberton but concluded that
peridotite solidus in upwelling plumes of hot mantle the primary character of Ca/Al and Al/Ti of spinifex-
material (see also Takahashi, 1990; Arndt & Lesher, textured samples is preserved. Bickle et al. (1993) and
1992), and considered that Hawaii and Iceland are Lahaye & Arndt (1996) have argued for some Ca mobility
modern representations of this type of plume-related in AUKs from Belingwe and Alexo, Canada, respectively.melting. However, it is shown below that there are some

To assess the effects of crystal differentiation andgeochemical features that cannot be explained within the
possible element mobility on komatiites, data from eachcontext of melting of a pyrolitic source.
location were plotted on Pearce element ratio diagrams
(e.g. Beswick, 1982; Russell et al., 1990). Data were plotted
on diagrams of molar (FeO+MgO)/A vs SiO2/A,

Komatiite source composition where A is the conserved element in a system undergoing
differentiation; in this case, CaO, Al2O3 or TiO2. TheGarnet has Gd/Yb of ~0·15 (e.g. Hauri & Hart, 1995),
following deductions can be made from this type ofand any garnet in the residue of melting produces an
diagram: (1) ferro-magnesian silicate minerals withincrease of Gd/Yb in the melt relative to the source.
different stoichiometries generate linear trends with dis-Although REE abundances are not available for all
tinct slopes (e.g. olivine-control generates a trend with aspecimens in the komatiite data set, it is clear that

AUKs from Canada, Western Australia, Belingwe and slope of 0·5); (2) systematic but variable addition or
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Table 10: Pearce element ratio analysis of komatiites

Location n∗ Element†

Ca Al Ti

Gorgona (AUK) 11 0·50 (0·99)‡ 0·50 (0·99) 0·56 (0·97)

Belingwe (AUK) 17 0·48 (0·98) 0·50 (0·99) 0·51 (0·98)

W. Australia (AUK) 13 0·52 (0·99) 0·48 (0·98) 0·54 (0·97)

W. Australia (ADK) 3 0·46 (0·90) 0·42 (0·77) 1·17 (0·43)

Canada (AUK) 15 0·62 (0·98) 0·65 (0·97) 0·66 (0·92)

Canada (ADK)§ 3 0·63 (0·99) 0·35 (0·97) 0·56 (1·00)

Barberton (AUK) 3 0·52 (0·99) 0·51 (0·98) 0·56 (0·96)

Barberton (ADK) 16 0·59 (0·99) 0·46 (0·91) 0·47 (0·93)

∗Number of komatiite data points.
†Element being tested for effects of differentiation during crystal fractionation or alteration, using
plots of molar SiO2/A vs (FeO+MgO)/A, where A is CaO, Al2O3 or TiO2.
‡Given are the slopes of best-fit linear trends and, in parentheses, the regression coefficients, R2.
§Data from Newton Township.

subtraction of element A in a stoichiometric alteration some evidence of olivine-control in ADKs from Western
Australia and Canada (Newton Township), but too fewprocess can either increase or decrease the slope of
data make interpretations ambiguous. Inasmuch as themineral-control trends, but previous linear correlations
CaO/Al2O3 values of these ADKs are not enigmaticowing to crystal fractionation are preserved; (3) non-
with respect to garnet stability, these features are notstoichiometric, random addition and subtraction of ele-
considered further, but primary ratios are considered toment A will cause dispersion about mineral-control
lie within the error bars shown in Fig. 7b.trends.

Overall, olivine-control is strongly indicated in thisThe results of Pearce element ratio analysis are given
data set, and there is no suggestion of pervasive mobilityin Table 10. Highly correlated trends with slopes near
of CaO, Al2O3 or TiO2. Moreover, the average com-0·5 are seen for AUKs from Gorgona, Belingwe and
positions from inter-craton late Archean locations areWestern Australia. This is consistent with olivine-control
virtually indistinguishable from each other, well withinat these locations, and no significant element frac-
uncertainty. If element mobility were a pervasive prob-tionations as a consequence of alteration are indicated.
lem, this would be an unlikely coincidence. Thus, CaO/The trends for AUKs from Canada are significantly
Al2O3 and Al2O3/TiO2 of komatiites in this data set arecorrelated, but the slopes for all elements, although very
considered to be near-primary.similar to each other (0·62–0·66), are significantly higher

than 0·5. This indicates the operation of some process
Hydrous meltingother than olivine fractionation. Whatever the process,

alteration or crystal differentiation, the coincidence of Recently, evidence has been presented for a possible
slopes for all elements suggests a process in which these important role for water in komatiite generation (Grove
elements are conserved, so that near-primary ratios would et al., 1994; Stone et al., 1997). There are limited ex-
be preserved. There are only three AUKs from Barberton perimental data for the effect of H2O on peridotite phase
in the data set, and these have the highest CaO/Al2O3 relations and melt chemistry at high pressures. Kawamoto
of any reported AUKs in the world. Conclusions drawn & Holloway (1997) presented data for H2O-saturated
from these samples are tentative and must be verified by melting of KLB-1. Their results at 5 and 7·5 GPa show
more AUKs from the early Archean. However, CaO, that H2O saturation increases significantly the CaO/
Al2O3 and TiO2 have a relatively large range in these Al2O3 of near-solidus melts relative to dry melting. At 5
three samples, and they define highly correlated trends GPa, they found that garnet is stable up to ~40%
consistent with olivine-control, with little indication of melting, very similar to KR4003, and that when garnet
element mobility. is exhausted in the residue, CaO/Al2O3 in the melt is

Olivine-control is also indicated in ADKs from Barb- ~1·0 and Al2O3/TiO2 is ~19, just marginally different
from the bulk composition, KLB-1 (CaO/Al2O3 = 0·96erton, but some other process is also evident. There is
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and Al2O3/TiO2= 23). Their results indicate that garnet left of the garnet-out line and ADKs to the right. The
stability is similar during anhydrous and hydrous melting position of the garnet-out curve may shift proportionately
and, regardless of whether melting is wet or dry, when with bulk composition, but higher CaO/Al2O3 will result
garnet is eliminated from the residue both CaO/Al2O3 in a source with a higher pyroxene/garnet ratio in the
and Al2O3/TiO2 will be close to the source composition. source rock, and the garnet-out curve may shift to higher
Water-saturated melting of pyrolitic mantle cannot ac- CaO/Al2O3 (lower degrees of melting). If CaO/Al2O3 in
count for unusually high CaO/Al2O3 melts from a garnet- the source region were about unity, then garnet would
free source, and it is doubtful that lower water contents not be expected to be a residual phase during melting
will significantly alter garnet stability if large amounts do to produce late Archean AUKs, but would remain in
not. the residue of late Archean ADKs from Canada because

they would be generated by relatively lower degrees of
melting. A CaO/Al2O3 of ~1·4 is indicated for earlyDynamic melting
Archean komatiites. If the garnet-out curve moves toOn the basis of extreme depletions in magmaphile trace
higher CaO/Al2O3, as shown schematically, then garnetelements, Arndt et al. (1997) have proposed that komatiitic
would not be expected to remain in the source of AUKs,rocks from Gorgona are the products of melting of
but would in the ADKs generated by lower degrees ofperidotite previously depleted in melt. Extreme depletions
melting. It is emphasized that phase relations of peridotitehave been observed in Archean komatiites as well, and
compositions with higher CaO/Al2O3 are necessary todepleted source models have also been proposed for these
confirm these predictions in detail.(e.g. Sun & Nesbitt, 1978). Arndt et al. envisioned a

Within the framework of a variable source model,dynamic melting process in which low-degree melts are
secular variation in the mantle source of komatiitescontinuously removed from the core of a plume as it
is indicated. Further, within a given time period, therises, and from which only lower-pressure melts are
compositional differences between ADKs and AUKs (i.e.buoyant enough to segregate to erupt as komatiites.
CaO/Al2O3, Al2O3/TiO2 and Gd/Yb) do not requireAs discussed above, dynamic melting should produce
variation in pressure of melting, but can be accountedaccumulated melts with lower Al2O3 and Al2O3/TiO2, for by variable degrees of melting (or, alternatively,and higher CaO/Al2O3 than produced by ‘equivalent’
variable source depletion). For example, ADKs can bebatch melting. Could the paradoxically high CaO/Al2O3 generated by relatively lower degrees of melting leaving(relative to the garnet-out curve for pyrolite) of the AUKs
garnet in the residue, and AUKs can be generated bybe an artifact of dynamic melting and source depletion?
higher degrees of melting leaving a garnet-free residue.Extraction of melts depleted in garnet components (low

Al2O3 and Al2O3/TiO2, and high CaO/Al2O3) in the
high-pressure portion of a dynamic melting zone will
result in relatively higher Al2O3 and lower CaO/Al2O3 Speculations
in the lower-pressure residues. This should stabilize garnet CaO/Al2O3 and Al2O3/TiO2 are near-chondritic in py-
in the residue to overall higher degrees of melt depletion rolitic mantle, implying that early Archean komatiite
relative to batch melting, and the CaO/Al2O3 at which source rocks may have had very non-chondritic refractory
garnet is exhausted may even decrease. Low-degree melts element ratios. What process could have resulted in such
from residual peridotite previously depleted at higher non-chondritic komatiite source regions? Variation in
pressures should have relatively lower CaO/Al2O3 and CaO/Al2O3 and Al2O3/TiO2 could indicate large-scale
higher Al2O3/TiO2, as a consequence of melting a de- spatial heterogeneities in the mantle, as has been sug-
pleted source with enhanced garnet component. This gested on the basis of both inter- and intra-regional
qualitative argument indicates that dynamic melting will variations in komatiite trace element chemistry (e.g. Jahn
only reinforce the paradox. This does not imply that

et al., 1982; Xie et al., 1993). In this case, the apparent
dynamic melting was not important in komatiite gen- secular variations in these ratios would be an artifact.
eration, only that it apparently cannot account for com- Alternatively, secular variations in the composition of
bined CaO/Al2O3 > 1·0 with Gd/Ybn of about unity. komatiite source rocks could reflect chemical evolution

in the mantle ( Jahn et al., 1982), or chemical evolution in
Non-pyrolitic source compositions whatever material was incorporated in ascending plumes.

Early Archean komatiites are among the oldest rocksShown in Fig. 8 are estimated source compositions that
on Earth, and the processes by which komatiite sourcecan account for the paradox in question. The estimates
regions formed are necessarily even older. There are nowere made assuming that the general topology of the
direct samples from the mantle for the first billion yearsmelting trend from Fig. 6b remains essentially constant
or so of the Earth’s history, so all models for Archeanwith change in composition, a likely condition for these

ratios. A further criterion is that AUKs must plot to the source regions are speculative and difficult to test. Two
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Fig. 8. Al2O3/TiO2 vs CaO/Al2O3 (wt %) showing estimated source compositions for early Archean, late Archean, and Cretaceous komatiites,
respectively. A portion of the melting trend from Fig. 6b has been superimposed for each estimated source. Bold dashed lines schematically
show shifts in the garnet out curve to lower degrees of melting for sources with CaO/Al2O3 greater than pyrolite.

general possibilities are considered here, involving (1) Ohtani et al., 1989; Agee, 1993; McFarlane et al., 1994;
Presnall et al., 1997). Extensive fractionation of olivine inprimordial mantle heterogeneity, and (2) plume hetero-
the upper mantle does not fractionate Ca, Al, and Ti ingeneity.
residual melts, whereas majorite fractionation would lead
to residual melts with high CaO/Al2O3, but with Gd/

Primordial mantle heterogeneity
Ybn q 1, which is not indicated in the AUKs. Thus,

Most of Earth’s mass probably accreted during the first these mechanisms do not produce satisfactory sources
200 my or so as large objects with diameters from tens for AUKs.
to hundreds of kilometers (e.g. Wetherill, 1985). It is The effects of fractional crystallization of Mg-perovskite
conceivable that these objects imparted large-scale spatial and magnesiowüstite in the lower mantle on initially
heterogeneity to the mantle. Although there are few hard chondritic refractory element ratios can be calculated
constraints on the exact nature of accreting material, using the mineral–melt partition coefficients measured
there is compelling geochemical and isotopic evidence by McFarlane et al. (1994), and assuming an 85:15
that many refractory trace element ratios were near- crystallization mixture of Mg-perovskite and mag-
chondritic in the Archean mantle (e.g. Lu/Hf, Sm/Nd, nesiowüstite (Presnall et al., 1997); 50% crystallization
Re/Os; McDonough & Sun, 1995). Also, no groups of would increase CaO/Al2O3 from 0·8 to 1·32 and Al2O3/
primitive chondritic meteorites have CaO/Al2O3 >0·88, TiO2 from 22·3 to 22·7. These fractionated values are
although some differentiated achondrites have CaO/ strikingly similar to the estimate for the early Archean
Al2O3 >1·6. At present, there is no corroborating evidence source based on Fig. 8. If this model is correct, then near-
for large-scale spatial heterogeneity in the mantle resulting chondritic refractory element ratios in modern pyrolitic
from accretionary processes. mantle do not indicate a continuity of these ratios from

A more probable mechanism for the formation of pre- primeval values, but instead might record processes of
Archean mantle heterogeneities is that crystallization convective mixing and re-homogenization of originally
differentiation of mantle liquidus phases during a Hadean heterogeneous but bulk chondritic mantle (e.g. Ohtani et
magma ocean stage fractionated refractory element ratios al., 1989). However, at present this model causes more
away from initially chondritic values. In this hypothesis, problems than it solves. Measured partition coefficients
komatiite source regions could have had their origins as between Mg-perovskite and ultramafic melt show that,
residual melts. The effects of fractional crystallization of besides CaO/Al2O3 and Al2O3/TiO2, other refractory
upper-mantle, transition zone and lower-mantle liquidus element ratios such as Lu/Hf, Sc/Sm, and Ti/Sm would
phases on refractory element ratios have been calculated become significantly fractionated from chondritic values,
by many workers (e.g. Ito & Takahashi, 1987; Agee & even at rather modest amounts (e.g. <20%) of crys-

tallization of Mg-perovskite (Kato et al., 1988; McFarlaneWalker, 1988; Herzberg et al., 1988; Kato et al., 1988;
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et al., 1994). However, near-chondritic refractory trace recovery of near-chondritic values as the amount of
entrained material drops to zero (at least in the centralelement abundance ratios and primitive isotopic com-
portion of the plume producing komatiites), thus pro-positions in some komatiites are antithetical to extensive
viding an explanation why the youngest komatiites arefractional crystallization of transition zone or lower-
near-chondritic.mantle liquidus phases in the Hadean (e.g. Jahn et al.,

At present, there is no compelling model to account1982; Gruau et al., 1987). Precise partitioning data over
for komatiite source regions with CaO/Al2O3 significantlya wide range of lower-mantle pressures and temperatures
higher than chondritic. However, given that the komatiitecoupled with complete data for trace element abundances
data are reliable, an explanation of this feature couldin komatiites are required to test this model more strictly.
reveal much about the nature and evolution of mantle
source regions.

Plume heterogeneity

Komatiites could be the products of plume-related melt-
ing, analogous to processes at modern ‘hot-spots’. By
extension of modern plate tectonics theory, the material ORIGIN OF DEPLETED PERIDOTITE
forming the plumes might have been composed sub- The extraction of mafic and ultramafic melts from fertile
stantially of material processed at shallow levels and peridotite leaves behind a depleted residue, the com-
recycled into the mantle through Archean or pre-Archean position of which is determined by the initial peridotite
subduction zones. To account for Gd/Ybn of ~1 coupled composition and the melt composition at the conditions
with the high CaO/Al2O3 in Archean komatiites by this of segregation. Peridotite xenoliths, abyssal peridotites,
hypothesis, the recycled material must have had high alpine peridotites and ophiolite peridotites are pieces of
CaO/Al2O3 without a history of garnet fractionation. the mantle that were transported to the Earth’s surface
Low-degree partial melts of spinel lherzolite can have in a variety of ways, and they provide a glimpse into the
very low CaO/Al2O3 (<0·5, Kinzler & Grove, 1992b), composition and structure of the uppermost part of the
and residues of fractional melting will have increased mantle. Many of these diverse samples are depleted
CaO/Al2O3. For example, modern examples of depleted relative to models of fertile mantle material such as
abyssal peridotites, which have undergone near-fractional pyrolite, having mineralogical, major and trace element
melt extraction at low pressures ( Johnson et al., 1990) characteristics consistent with an origin as residues from
and make up much of the oceanic lithosphere, have melting (e.g. Dick & Fisher, 1984; Bonatti & Michael,
reconstructed CaO/Al2O3 ranging from ~0·8 to 1·1 (e.g. 1989; Boyd, 1989; Dick, 1989; Johnson et al., 1990). In
Dick, 1989). However, few constraints on the composition general, samples of depleted upper-mantle lithosphere
of material subducted in the Archean or pre-Archean can be differentiated into two broad compositional
can be made, so this model is implicitly ad hoc. groups: oceanic and cratonic (see Boyd, 1989).

Hot upwelling plumes incorporate material as they As defined by Boyd (1989), the fundamental distinction
travel through the mantle, and also when a plume-head between these two groups is that peridotites from oceanic
develops as a consequence of impingement on a thermal lithosphere are olivine rich with mg-numbers typically in
boundary layer, such as the lithosphere (e.g. Campbell the range of 90·5–91·5, whereas peridotites from cratonic
et al., 1989). The entrained material, and that en- lithosphere are enstatite rich and have mg-numbers in
compassed by and adjacent to the plume head, is subject the range of 91·5–93·5. Abyssal peridotites, most alpine
to heating and melting; a type of thermal erosion. The and ophiolite peridotites, many oceanic peridotite xeno-
material consumed in this way may have a significantly liths, and sub-continental xenoliths from cratonic margins
different composition from that in the core of the upwel- fall along an ‘oceanic’ trend, and this trend is consistent
ling plume. As with the previous hypothesis, postulating with melt extraction from fertile pyrolitic mantle at
compositions is ad hoc. For example, pyroxene-rich cu- relatively low pressures (Boyd, 1989). High-temperature
mulates crystallized from a Hadean magma ocean at low (>1100°C) deformed peridotite xenoliths, and coarse,
pressures would have had much higher than chondritic low-temperature peridotites (<1100°C) from the
CaO/Al2O3, and Gd/Ybn of ~1. Or, if a proto-crust Kaapvaal craton in southern Africa and from Udachnaya
with low CaO/Al2O3 were formed in the Hadean, the in the Siberian craton, form the cratonic peridotite suite
residue would have had high CaO/Al2O3. The existence (Cox et al., 1973; Boyd & Nixon, 1978; Carswell et al.,
of such cumulates or residues is mere speculation. How- 1979; Danchin, 1979; Boyd, 1984; Boyd & Mertzman,
ever, an interesting feature of this hypothesis is that if 1987; Boyd et al., 1997). High-temperature peridotites
the temperature of upwelling plumes decreases with time plot close to the oceanic trend (see below), and only low-
in a cooling Earth, then the amount of material digested temperature peridotites are clearly distinct from oceanic
by the plume would decrease accordingly, leading to peridotites as defined above. In the discussion that follows,

however, both high- and low-temperature peridotitessecular variation in the overall plume composition and
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from southern Africa and Siberia are referred to as this is consistent with the positive relationship between
cratonic peridotite. these elements expected in high-pressure melting residues.

Whereas oceanic peridotites have been interpreted in If low-temperature peridotites are melting residues, and
terms of melt extraction at low pressures from pyrolitic if the compositional variation observed in Fig. 9a is
source material, the origin of cratonic peridotites remains a result primarily of metamorphic sorting, then given
enigmatic; the principal challenge is to find a process sufficient sampling coverage, the average compositions
that can produce a coupling between high mg-number of low-temperature peridotites from Siberia and southern
and high enstatite content. Many processes have been Africa may represent adequately the bulk residues of
proposed to explain the origin of cratonic peridotites, large-scale melt extraction events. This assumption is
including: (1) residues of komatiite melt extraction (Boyd implicit in Figs 10 and 11. In contrast to low-temperature
& Mertzman, 1987; Boyd, 1989; Walker et al., 1989; peridotites, Fig. 9b shows that high-temperature peri-
Canil, 1991, 1992; Herzberg, 1993); (2) mechanical sort- dotites, as a group, plot close to the residual melting
ing, including cumulates from ultramafic melts (Boyd & trend for pyrolitic mantle.
Mertzman, 1987; Herzberg, 1993) and metamorphic Figure 10a is a plot of whole-rock mg-number vs modal
differentiation (e.g. Boyd, 1989; Boyd et al., 1997); (3) olivine (wt %) showing both oceanic and average cratonic
exsolution (Dawson et al., 1980; Cox et al., 1987; Canil, peridotites relative to pyrolite residue trends for melting
1991); (4) mantle–melt reactions (Kelemen et al., 1992; from 2 to 7 GPa. A garnet lherzolite normative calculation
Rudnick et al., 1994; Kelemen & Hart, 1996); (5) majorite (Kelemen et al., 1992) was applied to the whole-rock
fractionation (Herzberg et al., 1988); (6) mantle overturn compositions of all data points and to experimental
(Griffin et al., 1997); (7) fluid metasomatism (Kesson & residues, to compare equivalent mineral components
Ringwood, 1989). None of these processes are mutually among all compositions. This is necessary because the
exclusive. Here, the residue hypothesis for the origin of experimental residues and the diverse group of mantle
oceanic and cratonic peridotites is tested by comparison samples have equilibrated over a wide range of pressures
with residues produced by melting of pyrolitic mantle. and temperatures. Oceanic peridotites plot close to a 2

Figure 9a is a plot of MgO/SiO2 vs SiO2 showing GPa residue trend (based on the experimental data for
African and Siberian low-temperature cratonic peri- melting of KLB-1; Hirose & Kushiro, 1993) and this is
dotites. Also shown are the residue trends for melting of consistent with melt extraction from pyrolitic mantle at
KR4003 (pyrolitic mantle) and a mixing trend between low average pressures beneath mid-ocean ridges (e.g.
olivine and opx. Clearly, the data do not follow the

Klein & Langmuir, 1987). High-temperature cratonicresidue trend, but are distributed about the mixing trend.
peridotites plot close to the oceanic trend, indicating meltThus, most of the compositional variability can be at-
extraction at 2–3 GPa. The high mg-numbers of averagetributed to variations in olivine and opx content unrelated
low-temperature cratonic peridotites indicate high-pres-to melting. Boyd et al. (1997) found a negative correlation
sure melt extraction. The average Udachnaya com-between FeO and SiO2 in the Udachnaya data that is
position could be a residue of melt extraction from aconsistent with mixing between olivine and opx. Data for
pyrolitic source at ~6 GPa and 40% melting, and theKR4003 show that melting of garnet lherzolite produces a
Kaapvaal composition could be a residue of higher-positive trend between these elements in residues, and
pressure melting, perhaps 9 GPa and 40% melt ex-this is also true for melting throughout much of the spinel
traction.lherzolite field. An olivine–opx mixing trend can be

Figure 10b is a plot of whole-rock mg-number vs modalconsistent with a melt–mantle reaction process wherein
opx content. Oceanic peridotites are consistent with meltolivine is consumed and opx is crystallized (e.g. Kelemen
extraction at low pressures. The elevated opx componentet al., 1992), or it could imply a mechanical sorting process.
in high-temperature cratonic peridotites, relative toBoyd et al. found no significant correlation between Ni
oceanic peridotites at similar mg-numbers, indicates meltin olivine and modal opx in the Udachnaya data set, as
extraction at somewhat higher pressures. Figure 10 in-would be expected from mantle–melt interaction (Ke-
dicates that high-temperature peridotites are residues oflemen & Hart, 1996), and proposed that processes such as
melt extraction at 2–3 GPa. In the high-pressure portioncumulate mixing or metamorphic sorting (i.e. unmixing)
of the spinel lherzolite field (1·5–2·5 GPa), opx crystallizescould account for the FeO–SiO2 trend. Boyd et al. sug-
during melting of lherzolite by a peritectic reaction ofgested a residual model for cratonic lithosphere, with
the form cpx+ spinel= melt+ olivine+ opx (Kinzlersubsequent metamorphic sorting, because of the depleted
& Grove, 1992a; Bertka & Holloway, 1993; Walter etmajor element characteristics of cratonic peridotites, and
al., 1995a). This reaction can explain the higher opxbecause there is a distinction between lherzolites and
component in high-temperature peridotites relative toharzburgites from southern Africa that is consistent with
the oceanic trend. Thus, high-temperature peridotitesmelt extraction. That is, at a given SiO2 content, lher-

zolites have a higher FeO content than harzburgites, and record a history of melt extraction at relatively low
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Fig. 9. (a) MgO/SiO2 vs SiO2 (wt %) showing low-temperature peridotites from Kaapvaal, southern Africa, and Udachnaya, Siberia, relative
to the residue trend for pyrolitic mantle (KR4003), and to a mixing trend between olivine and opx (olivine and opx compositions are
approximations from compositions observed in xenoliths). (b) High-temperature peridotites from Kaapvaal and Udachnaya shown relative to
the pyrolite residue and ol–opx mixing trends.

pressures, and their protoliths may have originated in peridotites and average Siberian low-temperature peri-
dotite fall close to the pyrolite trend, whereas Kaapvaalthe oceanic lithosphere (Boyd & Mertzman, 1987).

In Fig. 10b, average Udachnaya low-temperature peri- low-temperature peridotite plots at a significantly higher
SiO2 content. Predicting the exact residue trend for adotite plots very close to the field of pyrolite residues but

is slightly enriched in opx. It can be a residue of ~40% bulk composition with a higher SiO2 content is not
straightforward because of uncertainty about the SiO2melting, as indicated also in Fig. 10a, although the scatter

of the experimental data (not shown) precludes a clear content of the melt. However, a Kaapvaal source com-
position is estimated by assuming a 50:50 mixture ofdistinction of a pressure effect in the residue trend. At 6

GPa and 40% melting, the melt composition is komatiite average Barberton komatiite and average Kaapvaal low-
temperature peridotite. This source has an SiO2 contentand, therefore, it is possible to explain the composition

of average Siberian cratonic lithosphere as a residue of of 46·8 wt % and MgO/SiO2 of 0·79.
komatiite extraction from pyrolitic mantle, or a com-
position slightly enriched in SiO2 relative to pyrolite. This,
however, is clearly not the case for average Kaapvaal low-

Discussiontemperature peridotite as the opx component is much
higher than can occur in residues of pyrolite. If Kaapvaal The Siberian lithosphere, as represented by the average
peridotite is a residue of anhydrous melting, then the composition of low-temperature peridotites from Ud-
initial peridotite composition must have had a higher achnaya, has a composition that can be related to ex-
opx component than pyrolitic mantle (Kelemen et al., traction of komatiite magma. Given the similarities in
1992; Herzberg, 1993). Herzberg (1993) suggested that composition (high mg-numbers and Si content, Ca and
the initial peridotite would have needed an SiO2 content Al depletion), mineralogy, textures and age between the
of 48 wt %. A similar model is shown schematically Siberian and southern African lithosphere, a similar

genetic history is indicated by analogy (Boyd et al.,in Fig. 11. It should be noted that high-temperature
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Siberian lithosphere could have had a near-pyrolitic
protolith, at least in SiO2. This gives some support for
models of large-scale spatial heterogeneities in the early
Archean mantle (see Herzberg, 1993). Unfortunately,
secondary alteration of xenoliths from southern Africa
and Siberia has perturbed primary Ca and Ti contents
(Boyd & Mertzman, 1987; Boyd et al., 1997), so it is not
possible to make a meaningful investigation into CaO/
Al2O3 and Al2O3/TiO2 relationships in these rocks.

High-temperature peridotites from both Siberia and
southern Africa have deeper equilibration depths (~175–
200 km) than low-temperature peridotites, and they may
represent depleted asthenospheric mantle from below
the lithosphere–asthenosphere boundary (e.g. Boyd &
Gurney, 1986; Boyd et al., 1997). Figure 10 shows that
high-temperature peridotite protoliths could have under-
gone melt extraction at low pressures (2–3 GPa), perhaps
in an oceanic environment. This requires transport and
emplacement of oceanic lithosphere beneath cratonic
lithosphere, a model that is consistent with a subduction
origin for eclogite xenoliths in Kaapvaal kimberlites ( Ja-
goutz et al., 1984).

CONCLUSIONS
(1) Orthopyroxene is not stable at the solidus of pyrolite
above ~3·3 GPa, but crystallizes above the solidus by a
peritectic melting reaction up to ~10 GPa.Fig. 10. (a) Whole-rock mg-number vs modal olivine (wt %) showing

residue trends for melting of pyrolitic mantle (3–7 GPa, KR4003, this (2) Garnet becomes progressively stable to higher de-
study; 2 GPa, KLB-1, Hirose & Kushiro, 1993). Residue contours are grees of melting with increase in pressure, replacing opx
labeled according to pressure (GPa) and percent melting. Also shown

near the liquidus at ~6·6 GPa. When garnet is exhaustedare ‘oceanic’ peridotites (average abyssal peridotite, Dick & Fisher,
from the residue during melting, the CaO/Al2O3 ratio1984; SW Indian abyssal peridotites, Dick, 1989; average continental

and oceanic spinel lherzolites, Maaloe & Aoki, 1977), and average low- of the residue is essentially constant at ~0·86 (close to
temperature (open symbols) and high-temperature peridotites (filled the bulk value of 0·8), and is independent of pressure.symbols) from Kaapvaal and Udachnaya. Whole-rock mg-numbers

(3) The Al2O3 contents of komatiites record secularcalculated as (Mg/Mg+ Fe)× 100 where Fe2+/Fe3+ = 1, and using
calculated FeO content for peridotites from Kaapvaal and Udachnaya variation in average pressure of melting, as deduced
(see Boyd & Mertzman, 1987; Boyd et al., 1997). Modal olivine is previously by Herzberg (1995). However, data also in-
calculated from the garnet lherzolite norm of Kelemen et al. (1992). (b)

dicate that Archean komatiite source regions had higherWhole-rock mg-number vs modal opx [wt %, as calculated from the
CaO/Al2O3 and lower Al2O3/TiO2 than pyrolite, andgarnet lherzolite norm of Kelemen et al. (1992)] showing oceanic and

cratonic peridotites relative to pyrolite residue trends. that early and late Archean source regions were unique
from each other, having CaO/Al2O3 of about 1·4 and
1·0, respectively. The source of Cretaceous komatiites

1997). The age of both the Siberian and south African was probably pyrolitic in these ratios (0·8). These source
lithosphere is estimated at >3·2 Ga on the basis of Re variations may indicate secular chemical evolution of
depletion ages from peridotites (Pearson et al., 1995a, komatiite source regions or large-scale mantle hetero-
1995b). The similarity between ages of southern African geneity.
cratonic lithosphere and komatiites at Barberton suggests (4) Chemical differences (e.g. Ca/Al, Al/Ti, Gd/Yb)
a possible genetic relationship between komatiite ex- between AUKs and ADKs from a given time period can
traction and lithosphere formation. It is interesting that be explained by melting at similar pressures. AUKs can
southern African low-temperature peridotites indicate a be generated by high degrees of melting of a fertile source
unique, non-pyrolitic mantle, at least in SiO2, and Barb- or low degrees of melting of a depleted source, and
erton komatiites also indicate a non-pyrolitic source (at leaving a garnet-free residue. ADKs can be generated

by lower degrees of melting than AUKs, or similarleast in CaO/Al2O3 and Al2O3/TiO2), whereas the
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Fig. 11. MgO/SiO2 vs SiO2 (wt %) showing high- and low-temperature cratonic peridotites (symbols as in Fig. 10) relative to the residue trend
for melting of pyrolite. Also shown is a hypothetical source composition for Kaapvaal lithosphere constructed by adding 50% average Barberton
komatiite to 50% average low-temperature South African peridotite. Chondritic mantle from McDonough & Sun (1995).

degrees of melting of a less depleted source, leaving a of the multi-anvil experiments were performed, is grate-
garnet-bearing residue. fully acknowledged, as is a grant from the Killam Founda-

(5) Depleted oceanic peridotites and high-temperature tion while at the University of Alberta, where preliminary
peridotites from cratons can be residues of melt extraction experiments were carried out.
from pyrolitic mantle at low pressure (<3 GPa). Protoliths
of high-temperature cratonic peridotites may have had
their origin in the oceanic lithosphere.

(6) Average low-temperature cratonic peridotite from
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