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Experimental investigation of melts from a carbonated phlogopite lherzolite:

Implications for metasomatism in the continental lithospheric mantle

YvEs THIBAULT,* ALAN D. EDGAR
Department of Geology, University of Western Ontario, London, Ontario N6A 5B7, Canada

FeLiciTY E. LLOYD
Department of Geoscience, University of Reading, Reading RG6 2AB, England

ABSTRACT

The composition of near-solidus melts formed from a model mantle of carbonated
phlogopite lherzolite and phlogopite lherzolite was investigated at 3.0 GPa. At 1100 °C,
the carbonated phlogopite lherzolite yielded 4 wi% of alkaline dolomitic melt coexisting
with garnet-rich phlogopite lherzolite, whereas, at 1225 °C, the phlogopite lherzolite pro-
duced 7 wt% of hydrous potassic and calcic silicate melt in equilibrium with titaniferous
phlogopite-bearing therzolite.

The reactivity of these melts with peridotite was determined at 2.0 GPa and 1000 °C.
Alkaline dolomitic melts can metasomatize harzburgite to olivine-rich phlogopite wehrlite,
and infiltration in wehrlite may produce calcite-bearing phlogopite dunite. The interaction
of harzburgite with the hydrous silicate melt results in enrichment in clinopyroxene and
phlogopite.

A model of cyclic metasomatism active beneath a continental rift is proposed. A horizon
of carbonated phlogopite lherzolite, originally formed at the base of the lithosphere by the
release of dense alkaline fluids from a hot mantle plume, migrates upward by means of
cycles of melting, migrating, solidifying, and reacting as rifting progresses. At a depth of
100 km, fractional melting of the carbonated phlogopite lherzolite horizon yields succes-
sively an alkaline dolomitic melt and a hydrous potassic and calcic silicate melt. The
infiltration of these distinct melts into depleted lithospheric mantle at 65-km depth results
in a decoupled metasomatic event. First, metasomatism by the dolomitic melt creates a
trend from harzburgite to olivine-rich wehrlite. The subsequent infiltration of the silicate
melt enriches the metasomatized rocks in clinopyroxene and phlogopite. The variety of
rocks that result bears similarities with a suite of mantle xenoliths from the West Eifel

volcanic field, Germany.

INTRODUCTION

Carbonatitic and hydrous mafic silicate liquids may
segregate from their mantle sources and migrate by infil-
tration even at melt fractions of 1% or less (c.g., Mc-
Kenzie, 1985; Hunter and McKenzie, 1989). Such small
volumes of melts will probably experience thermal crisis
(c.g., Spera, 1984) or be consumed in metasomatic reac-
tions during migration into the overlying colder litho-
spheric mantle (McKenzie, 1989). These considerations
emphasize the importance of (1) characterizing the com-
position of volatile-bearing low-degree partial melts
formed from hydrated and carbonated mantle sources,
and (2) investigating the reactivity of these liquids with
depleted peridotitic material.

This paper reports the results of an investigation of
near-solidus melt fractions formed from phlogopite-bear-
ing mantle compositions. Two types of experiments were
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performed: (1) partial melting of a model mantle of car-
bonated phlogopite lherzolite and phlogopite lherzolite;
and (2) melt-peridotite interaction experiments on harz-
burgitic and wehrlitic materials. The results complement
previous investigations that have dealt with the nature
(e.g., Olafsson and Eggler, 1983; Wallace and Green, 1988)
and reactivity (e.g., Meen, 1987; Green and Wallace, 1988;
Meen et al., 1989) of melts formed from amphibole-bear-
ing carbonated peridotitic sources.

EXPERIMENTAL AND ANALYTICAL TECHNIQUES
Starting materials

The model mantle compositions (Table 1) were pre-
pared using mineral separates, Spec Pure CaCQ,, and
Fisher Certified Na,CO,. Fresh olivine, orthopyroxene,
clinopyroxene, and spinel grains were separated from a
lherzolite xenolith (E48Y; Lloyd et al., 1991) from the
West Eifel volcanic field, Germany. Phlogopite is from a
single xenocryst also sampled from the West Eifel vol-
canic field. The dried materials were mixed and ground
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TaeLe 1. Compositions of synthesized starting materials
CPL CPL® PLZ PLZ: HAR WHR Carmet Silmat
Chemical composition (wt%)

Sio, 45.07 44.93 47.04 46.94 48.31 42.33 1.16 45.81
TiO, 0.29 0.29 0.30 0.30 0.01 0.03 0.28 1.67
ALO, 4.05 4.06 4.23 4.24 1.52 2.36 0.21 12.14
Cr,0, 0.69 0.69 0.72 0.72 0.15 0.65 0.00 0.00
FeO,, 6.44 6.51 6.72 6.79 7.43 7.62 4.25 6.51
MnO 0.11 0.11 0.12 0.12 0.13 0.12 0.15 0.00
MgO 33.92 34.23 35.40 35.76 42.00 40.96 15.16 11.75
NiO 0.1 0.1 0.11 0.1 0.15 0.22 0.00 0.00
CaO 6.09 5.80 432 3.98 0.28 5.50 28.57 11.29
Na,O 0.60 0.60 0.20 0.19 0.02 0.21 2.94 2.27
K.O 0.58 0.59 0.61 0.62 0.00 0.00 3.99 6.20
H,O 0.22 0.22 0.23 0.23 0.00 0.00 1.61 2.36
co, 1.83 1.86 0.00 0.00 0.00 0.00 41.68 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Xugeo 0.90 0.90 0.90 0.90 0.91 0.91 0.86 0.76

Note: CPL® and PLZ° are corrected bulk compositions calculated by subtraction of 10% of the total amount of clinopyroxene. H,0 and CO, are
calculated assuming perfect stoichiometry in the carbonated and hydrous minerals used in the synthesis. X, represents Mg/(Mg + Fe,).

together under acetone to a grain size of approximately
10 pm.

The two model mantle sources have mineral contents
representative of carbonated phlogopite lherzolite (CPL;
Table 1) and phlogopite lherzolite (PLZ; Table 1). The
proportion of olivine incorporated in the mixtures was
kept low (=40%) in order to enhance the proportion of
the minor phases, thereby facilitating their identification
and analysis (cf. Green and Ringwood, 1970). The rela-
tive abundance of phlogopite and carbonates in the source,
which is essentially related to the amount of CO,, H,0,
and alkalis, has a significant effect on near-solidus melt-
ing relationships (e.g., Holloway and Eggler, 1976). How-
ever, no unequivocal samples of natural metasomatized
carbonate-bearing peridotite, upon which a starting com-
position may be chosen, have been reported. This is
probably because of the very rapid decomposition of car-
bonates in mantle xenoliths during ascent in their host
magma (e.g., Canil, 1990). Therefore, the CO,, H,0, and
total alkali contents of the CPL source were kept close to
those of the starting material used by Wallace and Green
(1988), which allowed a consistent comparison with re-
cent experimental results on carbonated amphibole-bear-
ing peridotite. However, the K,0-Na,O value is signifi-
cantly higher in CPL, reflecting a characteristic of many
xenoliths of phlogopite-bearing garnet lherzolite (e.g., Er-
lank et al., 1987, their Table IVb).

One model mantle protolith for the experiments on
melt-peridotite interaction was harzburgitic (HAR; Table
1), a composition abundant and widespread in the mantle
xenolith population (e.g., Harte and Hawkesworth, 1989).
A spinel wehrlite protolith (WHR; Table 1) was also pre-
pared.

Hydrous silicate melt compositions were synthesized
in a two-stage process. First, mixtures of the required
amounts of dried SiO,, TiO,, ALO,, MgO, CaCO,,
Na,CO;, and K,CO, were melted in air at 1350 °C for 30
min to remove CO, and quenched to a glass. Then,
mixtures of the appropriate amounts of synthesized glass,

natural fayalite (source of FeO), and brucite (source of
H,0) were sealed in Pt capsules and melted in a piston-
cylinder apparatus at 1.2 GPa and 1350 °C for 5 min.
The products were hydrous glasses whose compositions
were checked by microprobe analyses. Carbonate melt
compositions were synthesized as simple mixtures of dried
CaCO,, Na,CO, and K,CO, and natural dolomite and
brucite.

Experimental procedures

The pressure-temperature conditions were achieved in
a piston-cylinder apparatus and furnace assemblies with
a diameter of 1.27 cm (Boyd and England, 1960), using
the so-called piston-out technique after achieving the de-
sired temperature of the experiment. The pressure-trans-
mitting medium consisted of a talc-Pyrex sleeve. A
graphite furnace was used, and the temperature was mon-
itored using a Pt-Pt,,Rh,, thermocouple. No frictional
correction was applied to pressure nor a pressure correc-
tion to the emf of the thermocouple. In principle, pres-
sure and temperature could be controlled to within £0.05
GPa and =5 °C of the stated values. The starting material
was sealed into Ag,,Pd;, capsules. Normally, experimen-
tal times ranged from 28 to 8 h.

An estimation of the f,, was made in experiments where
olivine, orthopyroxene, and spinel coexist in the product,
using the semiempirical O geobarometer proposed by
Ballhaus et al. (1991). The calculation of the Fe*+ content
of spinel assumed perfect R,0, stoichiometry (e.g., Mat-
tioli et al., 1989; Ballhaus et al., 1991). The log f,, ob-
tained is within 0.5 log units of the fayalite + magnetite
+ quartz (FMQ) O buffer.

The liquid compositions at low degrees of partial melt-
ing of the two model mantle sources, CPL and PLZ, were
determined using a sandwich technique, in which 10-18
wt% of an estimated melt composition is added between
two layers of the peridotite source. This technique en-
sures that large areas of melt, whose composition is not
affected by quench overgrowths on primary residual crys-
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TABLE 2. Experimental results

Partial melting experiments

T t
Starting material (°C) (h) Stable phases
CPL 900 28 ol, opx, cpx, phl, mag
CPL 925 28 ol, opx, cpx, phl, mag
CPL 975 20 ol, opx, cpx, phl, mag
CPL 1000 28 ol, opx, ¢px, phi, mag
CPL 950->1025 21->5 ol, opx, cpx, phi, mag, dol
CPL 950->1050 20->5 ol, opx, cpx, phl, dol
CPL 950->1075 21->45 ol, opx, cpx, phl, gar, liq
CPL 950->1100 20->5 ol, opx, cpx, phl, gar, liq
CPL 950->1125 20->4 ol, opx, cpx, phl, gar, liq
CPL 950->1150 20—>4 ol, opx, cpx, phl, gar, lig
CPL (SDW1) 1100 9.5 ol, opx, cpx, gar, liq
CPL (SDW2) 1100 95 ol, opx, cpx, phl, gar, lig
CPL (SDW3A) 1100 9.5 ol, opx, cpx, phl, gar, liq
CPL (SDW3B) 1100 1 ol, opx, cpx, phl, gar, liq
PLZ 1125 28 ol, opx, ¢px, phl, gar
PLZ 1150 28 ol, opx, cpx, phl, gar
PLZ 1175 20 ol, opx, cpx, phl, gar, lig
PLZ 1200 20 ol, opx, cpx, phl, gar, liq
PLZ 1225 19 ol, opx, cpx, phl, gar, liq
PLZ 1235 20 ol, opx, cpx, phl, gar, liq
PLZ 1250 10 ol, opx, cpx, phl, gar, lig
PLZ (SDW1) 1225 8 ol, opx, cpx, phl, gar, liq
PLZ (SDW2A) 1225 8 ol, opx, cpx, phl, gar, liq
PLZ (SDW2B) 1225 1 ol, opx, cpx, phl, gar, liq

Meit-peridotite interaction experiments

T &
Starting material (°C) th) Weight ratio” Stable phases
HAR 1000 28 0:100 ol, opx
WHR 1000 28 0:100 ol, opx, sp
Carmet-HAR 1000 20 90:10 ol, opx, cpx, phl, v
Carmet-WHR 1000 20 90:10 ol, epx, sp, cc, phl, v
Siimet-HAR 1200->1000 1->122 75:25 ol, opx, cpx, phl

Note: The notations m->n and x—>2y for temperature and times, respectively, mean that the experiment was conducted x h at m °C, then brought
to n °C gradually in z h, and then maintained y h at n °C. Abbreviations: ol = olivine; opx = orthopyroxene; cpx = clinopyroxene; phl = phlogopite;
gar = garnet; mag = magnesite; dol = dolomite; liq = liquid; sp = spinel; cc = calcite; v = vapor phase. Stable phases do not include relict phases
observed in trace amounts. (SDWX) refers to the Xth iteration for the sandwich experiment.

* Expresses the melt/peridotite ratio of the mixture in weight percent.

tals, are available for defocused electron beam micro-
probe analyses (Fujii and Scarfe, 1985). An iterative
method was adopted in which the composition of the
melt, determined after an initial sandwich experiment, is
used as a guide for the synthesis of the melt layer of the
subsequent sandwich experiment (cf. Wallace and Green,
1988). The composition of the quench liquid is consid-
ered to be near that of the melt ideally in equilibrium
with the residual mantle source when: (1) the mineral
assemblage in the sandwich experiment is the same as
that of the nonsandwich experiment at the same pressure-
temperature conditions, and (2) the composition of the
corresponding residual minerals in the two types of ex-
periments are very close. The iteration experiments were
done with durations 0f 9.5 and 8 h. When the two criteria
described above were fulfilled, an additional sandwich
experiment of 1 h was performed to minimize Fe loss
effect on the determined melt composition (cf. Mengel
and Green, 1989).

Attainment of equilibrium

In the products of the melting experiments, most crys-
talline phases are compositionally uniform. Only large
clinopyroxene grains (> 10 um) have slight zonation with
relict composition in the cores. The rims of these larger
grains have a composition similar to very small homo-
geneous clinopyroxene crystals (<2 pm) in close contact
with the melt, suggesting that the clinopyroxene rims have
likely reacted fully with the liquid (cf. Fujii and Scarfe,
1985). Moreover, the unreacted central portion of the
clinopyroxene crystals is quite small (<10% of the grain).
Assuming that 10% of the total amount of clinopyroxene
(estimated maximum amount of relict cores) was not part
of the system, new bulk compositions of the CPL and
PLZ model sources could be calculated (Table 1). Because
these corrected bulk compositions are very close to the
original ones, we considered that adequate equilibrium
conditions have been attained. When needed in melting-
reaction calculation, the original and corrected bulk com-
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TasLe 3. Comparison of representative compositions of phases obtained in nonsandwich and sandwich melting experiments
CPL (1100 °C) PLZ (1225 °C)
gg:;‘;e cpx phl gar cpx phi gar
Type N-SDW SDW3B N-SDW SDW3B N-SDW SDW3B N-SDW SDW2B N-SDW SDW2B N-SDW SDW2B
Compositions in wt%

SiO, 52.91 52.95 37.45 38.58 41.38 41.44 52.26 52.63 37.81 38.76 42.30 4212
TiO, 0.09 0.09 5.52 5.45 1.72 1.41 0.14 0.15 7.04 6.56 0.69 0.56
Al,O, 3.74 3.50 17.71 17.37 21.41 20.96 4.48 4.20 16.12 16.93 20.44 21.51
Cr,0, 0.46 0.51 0.34 0.61 1.32 1.39 0.63 0.98 1.54 0.39 3.12 2.49
FeO,, 2.97 2.82 454 4.82 7.20 7.55 2.92 2.94 4.04 422 5.16 5.93
MnO 0.08 0.16 0.04 0.10 0.33 0.34 0.11 0.06 0.06 0.05 0.25 0.26
MgO 16.72 16.38 20.02 19.74 19.27 19.19 17.21 17.20 19.03 18.87 20.81 19.97
Ca0 22.26 22.33 0.54 0.35 7.60 7.56 20.90 20.89 0.21 0.04 7.13 6.96
Na,O 0.85 0.81 0.10 0.13 0.00 0.00 0.73 0.83 0.03 0.10 0.00 0.00
K0 0.00 0.00 9.43 9.82 0.00 0.00 0.00 0.03 10.43 10.44 0.00 0.00

Total 100.08 99.55 95.69 96.97 100.23 99.84 99.38 99.91 96.31 96.36 99.90 99.80

Cations per O atoms”
(6) 6) (22) (22) (24) (24) (6) (6) (22) (22) (24) (24)

Si 19210  1.9322 5.3058 54027 59137 5.9548 1.9040 1.9089  5.3577 54563  6.0191  6.0003
WAl 0.0790 0.0678  2.6942 25973  0.0863 0.0452 0.0960  0.0911 26423 25437  0.0000 0.0000
EIA| 0.0811 0.0828 0.2639 02705  3.5208 35057 0.0964 0.0885  0.0512 0.2660 3.4289 3.6125
Ti 0.0025 0.0023 0.5882 05740  0.1849 0.1524  0.0038  0.0041 0.7503 0.6945  0.0738  0.0600
cr 0.0132 0.0146  0.0381 0.0675  0.1491 0.1579  0.0181  0.0281 0.1728 0.0434  0.3510 0.2804
Fe 0.0902 0.0859  0.5379 05645  0.8605 0.9073  0.0890 0.0892 04785 0.4968  0.6141  0.7065
Mn 0.0025 0.0049  0.0048 0.0119  0.0399 0.0414  0.0034 0.0018  0.0075 0.0060  0.0301 0.0314
Mg 0.9047 0.8906  4.2271 41198  4.1042 41097 09345 09297 4.0190 3.9588  4.4131 4.2398
Ca 0.8660 0.8732 0.0820 0.0525 1.1638 1.1640 0.8159 08119 0.0323  0.0060 1.0871 1.0624
Na 0.0598  0.0571 0.0275 0.0353  0.0000 0.0000 0.0516 0.0584  0.0082 0.0273  0.0000  0.0000
K 0.0000 0.0000 1.7045 1.7545 0.0000 0.0000 0.0000 0.0014 1.8861 1.8750 0.0000 0.0000

Total 40200 4.0114 154740 154505 16.0232 16.0384  4.0127 4.0130 15.4059 15.3738 16.0172 15.9933
X 0.91 0.91 0.89 0.88 0.83 0.82 0.91 0.91 0.89 0.89 0.88 0.86

MgFe

Note: Abbreviations as in Table 2; N-SDW represents nonsandwich experiment; SDW X refers to the Xth iteration for the sandwich experiment (see

Table 2).
* Number of O atoms in parentheses at head of columns.

positions were both used in order to semiquantify the
effects of this potential problem. In the products of the
interaction experiments no compositional zonation were
observed.

Analytical methods

Longitudinal sections of the experimental charges were
mounted and polished for microprobe analysis. To avoid
possible dissolution of alkali-bearing carbonates, H,O was
not used in the preparation of polished sections for the
products of the experiments on the CPL composition (cf.
Wallace and Green, 1988). Wavelength dispersive anal-
yses of all phases were conducted on a JEOL JXA-8600
electron microprobe. All elements were analyzed at 15-
kV accelerating voltage with a 10-nA beam current. Ma-
trix corrections were made using the Tracor Northern
ZAF program.

REsuULTS FOR CPL MANTLE SOURCE AT 3.0 GPa
Phase relationships

Temperatures for the melting experiments on the CPL
mantle composition at 3.0 GPa ranged from 900 to 1150
°C. Olivine, orthopyroxene, clinopyroxene, and phlogo-
pite were stable at those temperatures (Table 2). Garnet
was abundant in experiments from 1075 to 1150 °C but

could not be observed at subsolidus conditions (Table 2),
probably because of lack of time for nucleation at such
low temperatures. Well-crystallized carbonates were sta-
ble up to 1050 °C. At higher temperatures only small
interstitial acicular grains of carbonate were observed,
probably quenched from a CO,-rich melt. The solidus for
the CPL composttion at 3.0 GPa occurred, therefore, near
1060 °C. This temperature significantly exceeds the one
obtained by Wallace and Green (1988) for the solidus of
their carbonated peridotite (<1000 °C) at pressures great-
er than amphibole breakdown (=carbonated phlogopite
lherzolite). This is probably because of the fact that CPL
melts under fluid-absent conditions, in contrast to the
source used by Wallace and Green (1988), which coexists
with free H,O released by amphibole breakdown at high
pressure.

Chemical composition of minerals

Olivine and orthopyroxene have relatively constant
compositions throughout the investigated temperature
interval. Clinopyroxene is an aluminian chromian diop-
side (Table 3). At suprasolidus conditions, the clinopy-
roxene grains show lower Na content (Na,0O =~ 0.8 wt%)
than the subsolidus ones (Na,O = 1.5 wt%).

Phlogopite has high TiO, contents (Table 3). As melt-
ing proceeds, the ratio of Ti/K in phlogopite increases
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Fig. 1. Variation of the Ti/K atomic ratio of phlogopite against
temperature in the melting experiments on (a) the CPL and (b)
the PLZ model mantle sources. Because the amount of K is
relatively constant in phlogopite, Ti-K variation represents es-
sentially the change in the abundance of Ti. The dashed lines
represent the Ti/K ratios calculated for the model sources bulk
compositions. As long as phlogopite represents the only K-bear-
ing phase, these bulk Ti/K ratios should define the maximum
Ti content that phlogopite can contain.

markedly to values in excess of 0.29, calculated for the
bulk CPL mantle composition (Fig. 1a). A high ratio of
Ti/K for suprasolidus phlogopite suggests that the coex-
isting melt contains a significant amount of K with a low
Ti/K ratio.

As the solidus is crossed, garnet becomes abundant. Its
pyrope component ranges from 64.8 to 67.3 mol%. As
shown in Figure 2, garnet from the melting experiments
on the CPL composition is rich in TiO, (=2 wt%) and
relatively poor in Cr,0, (<2 wt%).

The stable carbonate phase is magnesite (MgCO, = 86
mol%) from 900 to 1025 °C. It is then replaced by do-
lomite (MgCO, = 48 mol%) up to 1050 °C (cf. Brey et
al., 1983; Olafsson and Eggler, 1983; Falloon and Green,
1989).
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Fig. 2. Diagram of TiO, (wt%) against Cr,0; (wt%) in garnet
observed in the melting experiments on the CPL and the PLZ
model mantle sources.

Melt composition at 3.0 GPa and 1100 °C

Sandwich experiments using the iterative method de-
scribed earlier were performed at 1100 °C and 3.0 GPa.
The synthesized melt composition for the initial sand-
wich experiment was a sodic dolomitic melt (Table 4,
analysis A). Three iterative steps were needed to obtain
residual mineral compositions very close to those in the
nonsandwich experiment at 1100 °C (Table 3). The com-
position of the melt (Table 4, analysis B) was estimated
by defocused electron beam microprobe analyses of large
melt pools consisting of aggregates of acicular quenched
carbonate grains. The melt has a strong dolomitic affinity,
very low contents of SiO,, Al,O,, and TiO, and a signif-
icant amount of alkalis. Because K was supplied by the
partial breakdown of phlogopite, and no other hydrous
minerals were observed, the synthesized melt composi-
tion in each iteration step contained H,O in an amount
defining a H,0/K, O weight ratio near that of hydrous
phlogopite (H,O/K,O = 0.38). Finally, the Xy, value
of the melt is high. Although this can be partially ex-
plained by Fe loss to the Ag,Pd,, capsule, Green and
Wallace (1988) have also reported that Mg-Fe fraction-
ation between solid silicates and alkaline dolomitic car-
bonatite melt is significantly smaller than for silicate melts.

The composition of all the residual minerals and of the
liquid were used together with the bulk CPL composition
(either original or corrected) in a least-squares mass-bal-
ance calculation to estimate the weight proportion of the
phases stable at 1100 °C. The calculation suggests that
the CPL model source yields 4 wt% of alkaline dolomitic
melt, and, as observed in the experimental product, the
proportion of garnet is quite high (10 wt%). The reactions
controlling the phlogopite-present melting interval of the
CPL model source at 3.0 GPa can be qualitatively defined
as

dolomite_,;;, + phlogopite,, + clinopyroxene,
- dolomite_, + (K,Na,OH),,., + olivine, +
pyrope,, (rich in Ti) + residual phlogopite,,
(rich in Ti) + residual clinopyroxene, (1)



THIBAULT ET AL.: MELTING OF PHLOGOPITE LHERZOLITE

TaBLE 4. Average melt compositions
Norm

Oxide A B c D CIPW (D)
Sio, 2.57 44.83 47.96 Or 7.25
TiO, 0.72 212 1.68 An 9.53
AlLO, 0.38 15.48 10.97 Lc 19.81
Cr,0, 0.00 0.29 Ne 4.86
FeO,y 5.61 4.54 7.36 5.66 Di 38.83
MnO 0.13 0.16 0.10 0.15 ol 14.60
MgO 15.40 15.12 11.46 13.21 Mt 1.59
Ca0 24.95 21.60 6.06 11.59 I 3.25
Na,O 8.19 4.93 1.13 1.04
K0 7.01 8.30 5.40
H,O 2.66 3.16 2.05
CO, 4572 40.31

Total 100.00 100.00 100.00 100.00
X 0.83 0.86 0.74 0.81

MgFey

Note: A and C are synthesized melt compositions used in the initial
sandwich experiments on the CPL (A) and PLZ (C) sources. B and D are
final compositions of melts obtained by sandwich experiments on the CPL
(B) and PLZ (D) sources. D was normalized to 100 wt% (real total anhy-
drous: 96.01 wt%). Its norm was obtained with a calculated ratio of Fe, 0./
FeO (Kress and Carmichael, 1988) for f,, of the QFM buffer (Myers and
Eugster, 1983) at 1225 °C. H,0 was calculated for a H,O/K,O weight ratio
of 0.38. CO, was calculated by the stoichiometry of the carbonates in A
and the deficiency in the total of oxides in B. Na,Q in D is calculated using
the phase proportions obtained by least-squares mass balance.

where ss means solid solution. In addition to the com-
plete melting of dolomite at the solidus, Reaction 1 de-
scribes the partial breakdown of phlogopite and clino-
pyroxene (jadeite component) to yield K, Na, and OH to
the melt (cf. Wallace and Green, 1988). SiO,, Al,O,, MgO,
FeO, and TiO,, also released from the breakdown of
phlogopite and clinopyroxene, are combined to form ol-
ivine and pyrope. This explains the high abundance of
garnet rich in TiO, (Fig. 2).

Implications for the subsequent experiments

If carbonated phlogopite lherzolite composition com-
parable to CPL exists in the upper mantle, alkaline dolo-
mitic melt may be formed and easily migrate upward by
infiltration caused by its low viscosity (Hunter and
McKenzie, 1989), leaving behind a residual CO,-free gar-
net-bearing phlogopite lherzolite. The experiments on the
PLZ composition were performed to investigate the com-
position of the near-solidus melt formed from such a re-
sidual mantle source.

REsuULTS FOR PLZ MANTLE SOURCE AT 3.0 GPa
Phase relationships

Olivine, orthopyroxene, clinopyroxene, garnet, and
phlogopite were stable throughout the investigated tem-
perature interval ranging from 1125 to 1250 °C (Table
2). On the basis of the appearance of interstitial glass and
a significant decrease in the abundance of phlogopite, the
solidus was estimated at 1175 °C (Table 2), a temperature
in accordance with the solidus temperature obtained by
Wendlandt and Eggler (1980, their Fig. 1) on a compa-
rable phlogopite lherzolite.
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Chemical composition of minerals

Olivine and orthopyroxene have relatively constant
compositions. With increasing temperature, clinopyrox-
ene shows a systematic decrease in the proportion of wol-
iastonite component (Fig. 3a). Also observed in clino-
pyroxene, from the solidus temperature to 1250 °C, are
a decrease in Na (Fig. 3b) and an increase in (Al,, + Cr)
(Fig. 3c), relative to the quadrilateral components (Ca +
Mg + Fe + Mn).

Phlogopite is rich in TiO, with the ratio of Ti/K in-
creasing steadily with temperature (Fig. 1b). At suprasoli-
dus conditions, Ti/K ratios in excess of 0.29 calculated
for the bulk PLZ composition (Fig. 1b) suggest that the
melt is enriched in K with Ti partitioned preferentially
in the coexisting phlogopite.

The pyrope component of garnet ranges from 68.9 to
72.5 mol%. Compared to garnet observed in the melting
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of the CPL composition, PLZ garnet is poorer in TiO,
and generally richer in Cr,0O, (Fig. 2).

Melt composition at 3.0 GPa and 1225 °C

Sandwich experiments were performed at 1225 °C. The
composition of the synthesized glass used in the initial
sandwich experiment (Table 4, analysis C) was based on
electron microprobe analyses of small melt pools from
the nonsandwich experiment at 1225 °C. The amount of
H,O added to the synthesized glass was defined using a
H,0/K,0 weight ratio of 0.38, typical of hydrous phlog-
opite.

Two iterative steps were needed to obtain a good ap-
proximation of the equilibrium partial melt of the PLZ
source at 1225 °C. The melt layer showed a homogeneous
texture consisting of glass and small acicular quench grains
of clinopyroxene. Analyses of the quench liquid (glass +
quench clinopyroxene) were obtained with the micro-
probe using a defocused electron beam with a diameter
of 10-30 um. The average composition is presented in
Table 4 (analysis D). The melt is strongly potassic (K,O
~ 5 wt%) and silica undersaturated. The major norma-
tive components are diopside, leucite, olivine, and an-
orthite, reflecting the major role of clinopyroxene and
phlogopite in the melting reaction. The Xigre,,, Value of
0.81 is significantly lower than for the melt obtained from
the CPL source. The composition found by Mengel and
Green (1989) for a melt coexisting with phlogopite-bear-
ing peridotitic assemblage at 2.8 GPa and 1195 °C using
comparable sandwich techniques bears similarities to the
melt formed from PLZ at 1225 °C but is clearly less po-
tassic (K,O =~ 1.6 wt%). This difference probably results
from the fact that, in contrast to the melting conditions
of this study, the H,O/alkali ratio in Mengel and Green’s
source is such that there is an excess of H,O relative to
the amount needed to form phlogopite when amphibole
breaks down at high pressure.

The weight proportions of the phases stable at 1125
and 1225 °C were calculated by least-squares mass bal-
ance. Based on the results, a generalized melting reaction
describing the phlogopite-present melting interval of the
PLZ model source at 3.0 GPa would be

3.8(4.3) phlogopite + 3.7(3.5) clinopyroxene
+ 0.8(0.8) garnet
- 1.1(1.2) olivine + 0.0(0.4) orthopyroxene

+ 7.1(7.0) liquid 2

where the values in parentheses are calculated using the
corrected bulk composition of PLZ (Table 1, PLZS). The
degree of partial melting at 1225 °C is, therefore, esti-
mated at 7 wt%. In contrast to the relations observed for
the CPL composition (Reaction 1), garnet is a reactant of
melting Reaction 2 due to the high compatibility of Al,O,,

Si0,, and TiO, in the silicate melt. This explains the low-
er TiO, and higher Cr,O; contents of PLZ garnet (Fig. 2).
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RESULTS OF THE MELT-PERIDOTITE INTERACTION
EXPERIMENTS

The melt-peridotite interaction experiments were per-
formed in order to investigate the reactivity of the melt
compositions described in the earlier sections with de-
pleted peridotitic material. For this purpose, dolomitic
(Carmet) and silicate (Silmet) melt compositions, and two
peridotitic protoliths were synthesized (Table 1). The in-
teraction experiments were performed at 2.0 GPa and
1000 °C. Details of the experimental conditions and re-
sults are presented in Table 2. Reactions were obtained
by least-squares mass-balance calculation of the propor-
tion of the phases stable before and after each interaction.

Carmet-HAR interaction experiment

In addition to olivine and orthopyroxene present in the
harzburgitic protolith, the product of the Carmet-HAR
interaction experiment contains clinopyroxene and
phlogopite (Table 2). Moreover, the absence of carbon-
ates suggests the existence of a CO,-rich low-density fluid.
The metasomatic reaction between Carmet and HAR is
(in weight proportion)

24.8 (orthopyroxene) .z + 9.9 Carmet
- 14.2 olivine + 13.6 clinopyroxene

+ 2.7 phlogopite + 4.2 CO,. 3)

This important transformation of the harzburgite by Car-
met is related to the breakdown in peridotitic systems of
dolomite at pressures less than 2.1 GPa (e.g., Wyllie and
Rutter, 1986; Wallace and Green, 1988; Falloon and
Green, 1989) according to the well-documented reaction:

dolomite + enstatite

- diopside + forsterite + CO, 4)

(e.g., Wyllie and Huang, 1976; Eggler, 1978; Brey et al.,
1983). At 2.0 GPa, the decarbonation reaction (Reaction
4) occurs around 950 °C in carbonated and hydrated pe-
ridotite (e.g., Falloon and Green, 1989). Therefore, inter-
action of Carmet and harzburgite at temperatures less
than 950 °C should probably result in the formation of
dolomite and phlogopite without consumption of ortho-
pyroxene (dolomite-bearing phlogopite harzburgite),
rather than the products of Reaction 3.

Carmet-WHR interaction experiment

The resulting mineral assemblage of the Carmet-WHR
interaction experiment (Table 2) contains a calcite solid
solution (CaCO, = 90 mol%) and phlogopite, in addition
to olivine, clinopyroxene, and spinel present in the wehr-
litic protolith. The metasomatic reaction between Carmet
and WHR is (in weight proportion)

3.1 (clinopyroxene)yy,x + 0.3 (spinel)ywur
+ 9.8 Carmet
— 2.5 olivine + 2.6 phlogopite + 7.0 calcite

+ 1.1 CO,. 5)
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Silmet-HAR interaction experiment

The experimental conditions for the Silmet-HAR in-
teraction (Table 2) were essentially the same as those for
the Carmet-HAR experiment (2.0 GPa, 1000 °C), except
that the starting mixture was first held at 1225 °C for 1 h
to induce Silmet melting and then cooled slowly to 1000
°C (cf. Meen, 1987). The final product of the experiment
using the Silmet composition and the harzburgite proto-
lith consists of olivine, orthopyroxene, clinopyroxene, and
phlogopite (Table 2). The reaction for this interaction is
(in weight proportion)

3.3 (olivine)y,g + 0.1 (orthopyroxene)yax
+ 10.0 Silmet
— 7.2 clinopyroxene + 6.2 phlogopite. 6)

In Reaction 6 most of the components required for the
formation of the newly introduced clinopyroxene and
phlogopite come from the crystallization of the silicate
melt. Only the small excess of K,O, Al,O;, SiO,, and H,O
contained in Silmet, reflecting the incongruent melting of
phlogopite to form olivine and liquid in the phlogopite
lherzolite melting experiment, reacts with olivine of the
harzburgite to form metasomatic phlogopite.

Implications of the interaction experiments

Figure 4a represents a summary of the mineralogical
effects on a harzburgitic protolith, caused by the hypo-
thetical infiltration of Carmet at 2.0 GPa and 1000 °C,
depicted on an olivine-orthopyroxene-clinopyroxene ter-
nary diagram. The harzburgite in Figure 4a contains 70
vol% of olivine and 30 vol% of orthopyroxene, a realistic
average of the proportions found in many mantle xeno-
liths of harzburgitic compositions (e.g., Boyd, 1989). Ap-
proximately 12 g of Carmet would be needed to trans-
form 100 g of harzburgite to an olivine-rich wehrlite (Fig.
4a) with about 3 vol% of phlogopite. Because of the high
ratio of Mg/Fe of the dolomitic melt, the bulk Xy, of
the wehrlite should be close to that of the protolith (cf.
Green and Wallace, 1988). If Carmet infiltration persists,
the metasomatized mantle would then evolve toward a
calcite- and phlogopite-bearing dunite (Fig. 4a).

The mineralogical effects of Silmet infiltration in the
harzburgite is transformation to an olivine-poor phlogo-
pite lherzolite (Fig. 4a). Because Silmet reacts primarily
with olivine in the Silmet-HAR interaction experiment,
the same type of reaction (Reaction 6) should probably
occur if Silmet infiltrated an olivine-rich wehrlite. The
effect would then be to drive the composition toward an
olivine-poor phlogopite wehrlite (Fig. 4a).

PETROLOGICAL IMPLICATIONS

In this section the experimental results are integrated
into a petrological framework of cyclic metasomatic pro-
cesses potentially active in the lithospheric mantle of a
continental rift.
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Fig. 4. (a) Effects of the progressive metasomatism (arrows)
of a harzburgitic protolith at 2.0 GPa and 1000 °C caused by the
infiltration of Carmet or Silmet. The trend from harzburgite (filled
square) to olivine-rich wehrlite (empty square) caused by Carmet
infiltration is graduated at intervals, indicating the amount of
Carmet (in grams) needed for the transformation of 100 g of
harzburgite protolith. More details in text. (b) Modal composi-
tions of representative samples of the major types of peridotitic
xenoliths collected from the mafic ashes in a quarry southeast of
Gees, West Eifel, Germany, plotted in an olivine-orthopyroxene-
clinopyroxene ternary diagram (cf. Fenwick, 1991). Each sample
is labeled by a number representing the weighted average of the
Xygre,,, values calculated for all the silicate minerals. Filled circles
are orthopyroxene-bearing xenoliths, and empty circles are or-
thopyroxene-free xenoliths. All data used for the construction of
this diagram are taken from Edgar et al. (1989) and Lloyd et al.
(1991). The metasomatic trends shown in a are superposed inb.

Multicycle metasomatic processes below a
continental rift

A thermal framework. Figure 5 shows four geotherms
representing the thermal evolution of the upper mantle
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Fig. 5. Group of geotherms representing different hypothet-
ical stages in the thermal evolution of the lithospheric mantle
below a continental rift. Geotherm a is considered characteristic
of the lithospheric mantle before initiation of rifting and is taken
from McKenzie (1989, his Fig. 4d). Geotherms b, ¢, and d depict
the thermal disturbances during progressive rifting related to the
adiabatic ascent of a hot mantle plume with a potential temper-
ature (7)) of 1380 °C. Geotherms b and c are not derived from
any data or calculations but are considered reasonable inter-
mediates between geotherms a and d. The temperatures defined
by geotherm d up to 3.0 GPa are comparable to the ones pro-
posed by Seck and Wedepohl (1983) and Fuchs and Wedepohl
(1983) for the Rhenish Massif, Germany. The potential temper-
ature is the temperature that the mantle would have if it could
rise to the Earth’s surface under perfect adiabatic conditions (e.g.,
McKenzie and Bickle, 1988).

below a hypothetical active continental rift. The progres-
sive thinning of the lithosphere and the associated ther-
mal disturbances are depicted as the result of the adia-
batic upwelling of a mantle plume with a potential
temperature of 1380 °C. Simplified schematic sections
depicting the proposed processes occurring in a litho-
spheric mantle of harzburgitic composition are shown in
Figure 6.

Deep metasomatic cycles (depth >100 km). In Figure
6a, the fertile mantle plume releases fluids as it reaches
the lithosphere-asthenosphere boundary (LAB) (e.g.,
Wyllie, 1988, his Figs. 45 and 46). Diamond microinclu-
sions whose compositions resemble that of potassic mag-
mas but with volatile contents (essentially H,O and CO,)
up to 40% may represent such high-pressure (>5.0 GPa)
fluids (Navon et al., 1988). Because these volatile-rich
inclusions are rich in K,0, Ca0O, SiO,, and FeO (Navon
et al., 1988, their Table 1), they should be effective in
transforming harzburgite into carbonated phlogopite
lherzolite.

As the LAB progressively rises (Fig. 6b), the carbon-
ated phlogopite lherzolite partially melts because of heat
conduction from the underlying plume and decompres-
sion caused by uplift (e.g., McKenzie, 1989). The low-
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Fig. 6. Hypothetical schematic sections representing the
thermal conditions in the lithospheric mantle below a continen-
tal rift. The sketches at the center of each section illustrate the
proposed metasomatic processes in a portion of the lithospheric
mantle originally harzburgitic in composition. The intersections
of the isotherms with the central sketches define the pressure-
temperature conditions corresponding to the geotherms of Fig-
ure 3: (a) geotherm a, (b) geotherm b, (c) geotherm ¢, and (d)
geotherm d. The curvatures of the isotherms are purely quali-
tative but emphasize the thermal disturbances accompanying
lithospheric thinning relative to the original thermal conditions
shown in a. LAB refers to the lithosphere-asthenosphere bound-
ary. The patterned areas represent the metasomatic horizons.
Large empty arrows = adiabatic upwelling of hot mantle plume
(T, 1380 °C); small filled arrows = infiltration of small fractions
of melts or dense fluids; small empty arrows = release of CO,-
rich low-density fluid; Carmet = alkaline dolomitic melt; Silmet
= hydrous potassic and calcic silicate melt. More details in text.

temperature melting components are then remobilized in
small-volume volatile-rich melts, which, as they migrate
upward, resolidify and react with the overlying colder
harzburgite. Through such cycles of melting, migrating,
solidifying, and reacting, the metasomatic front eventu-
ally reaches a depth of 100 km (=3.0 GPa). The temper-
ature at that depth being approximately 1050 °C (Fig. 6b),
the interaction of the CO,- and H,O-bearing melts with
harzburgite results in the formation of a dolomite-bearing
phlogopite lherzolite.

Shallow decoupled metasomatic cycle (depth <100 km).
In Figure 6c, the temperature of the horizon of dolomite-
bearing phlogopite lherzolite at a depth of 100 km is raised
to about 1150 °C. An alkaline dolomitic melt can form
and infiltrate the overlying depleted lithosphere, leaving
residual CO,-free garnet-bearing phlogopite lherzolite,
which returns to subsolidus conditions (e.g., PLZ, Table
2). As the alkaline dolomitic melt reaches a depth of about
65 km (=2.0 GPa, <950 °C), it solidifies and reacts with
harzburgite, resulting in the formation of a dolomite-
bearing phlogopite harzburgite. The metasomatic front is
now decoupled and forms two distinct horizons: a dolo-
mite-bearing phlogopite harzburgite at 65 km and a CO,-
free garnet-bearing phlogopite lherzolite at 100 km.

With progressive rifting, the temperature at a depth of
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65 km reaches 1000 °C (Fig. 6d). The dolomite-bearing
phlogopite harzburgite is then transformed to olivine-rich
phlogopite lherzolite and wehrlite, with the release of CO,-
rich low-density fluid (see Reaction 3). At 100 km, the
temperature of the garnet-bearing phlogopite lherzolite
horizon exceeds the solidus, forming a hydrous potassic
and calcic silicate melt. When this melt infiltrates the
metasome at the depth of 65 km, an enrichment in cli-
nopyroxene and phlogopite takes place, according to Re-
action 6. Because the silicate melt has a lower Mg/Fe
ratio, a decrease in the bulk Xy, is also expected. The
final product of this shallow decoupled metasomatic cycle
is a wide variety of rock types comparable to those de-
picted in Figure 4a.

The Eifel mantle xenoliths —an example of a shallow
decoupled metasomatic event?

Recently, Edgar et al. (1989) and Lloyd et al. (1991)
studied a group of 225 ultramafic xenoliths sampled from
mafic ashes near Gees village, in the West Eifel sodi-
potassic volcanic region, Germany. The majority of the
xenoliths (=87%) are peridotitic, ranging from spinel
harzburgite and spinel lherzolite to olivine-rich and ol-
ivine-poor spinel wehrlite, with various amounts of
phlogopite (Lloyd et al., 1991). In wehrlite, as the amount
of olivine decreases, the abundance of titaniferous phlog-
opite increases. In Figure 4b, peridotitic samples studied
by Edgar et al. (1989) and Lloyd et al. (1991) are plotted
on an olivine-orthopyroxene-clinopyroxene ternary dia-
gram.

It is suggested that the proposed decoupled metaso-
matic process is compatible with the compositional vari-
ation observed in the Gees xenoliths. The major points
supporting this suggestion are

1. The compositional variations of the xenoliths are
consistent with the trends that the decoupled metaso-
matic process may create (Fig. 4b) at thermal conditions
of geotherm d (Fig. 5) and pressures near or less than 2.0
GPa. These conditions are probably characteristic of the
mantle represented by the Gees xenoliths because (a)
geotherm d is based on data from the Rhenish Massif,
and (b) the peridotite xenoliths contain chromium spinel
and are garnet free, suggesting pressures less than 2.5 GPa
(e.g., Carroll Webb and Wood, 1986).

2. The common source of the metasomatic agents is a
carbonated phlogopite lherzolite horizon near the depth
of 100 km. Such a horizon at this depth was proposed by
Mertes and Schmincke (1985) as the source for some of
the potassic lavas erupted in the West Eifel area.

3. Except for one sample, all the olivine-rich rocks (>65
vol% olivine) following the trend from harzburgite to ol-
ivine-rich wehrlite have constant average silicate Xy,
values of 0.90 and 0.91 (Fig. 4b), compatible with the
metasomatic effects of a primitive carbonatite melt. All
the olivine-poor xenoliths have significantly lower X,
(=0.86, Fig. 4b), in accordance with a silicate melt infil-
tration event. The olivine-rich rock with an X value
of 0.86 is, in contrast to the others, very rich in phlogo-
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pite (=11 vol%; Lloyd et al., 1991), and therefore may
have been infiltrated by a K-rich derivative of the alkali-
rich silicate melt.
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