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Abstract. We report the T-X(H,O) phase relations for the
trondhjemitic Nk gneiss which comprises the principal
component of the second phase of Archean (3.0-2.8 by)
igneous activity in the Godthéb region of southwestern
Greenland. A pressure of 15 kbar was chosen to place con-
straints on possible protoliths for trondhjemitic melts at
lower crustal depths. Under H,O-saturated conditions, a
melting interval of ~135°C separates the solidus at
~610° C from the liquidus at 745° C. H,O-saturation at
15 kbar occurs at approximately 15.5 wt % H,O. The H,O-
undersaturated liquidus extends along a curved path from
~745° C at 15.5 wt % H,O to ~1100°C at 2% H,0.
Lower H,O contents were not investigated. At low H,O
contents (< 6%) sodic plagioclase (P1, Anj,) is the liquidus
phase followed at lower but still near-liquidus temperatures
by quartz (Qz) and then garnet (Ga). At 6% H,O, Ga
replaces Pl on the liquidus and is joined at slightly lower
temperatures by Pl and hornblende (Hb). The field for liqui-
dus Ga extends to only ~7.5% H,O where it is replaced
by Hb which is the liquidus phase up to 13% H,0. At
all higher H,O contents, epidote (Ep) is the first phase
to crystallize, followed by biotite (Bi) at slightly lower tem-
peratures. Following the standard inverse approach, the
near-liquidus phase assemblages are interpreted as potential
residues from which trondhjemitic melts could be extracted.
At high melt H,O contents (>7%), mafic residues con-
sisting of some combination of Hb, Ga, Ep, and Bi are
possible and could correspond to amphibolitic source rocks.
At lower melt H,O contents (< 5%), possible residues con-
sist of Na-P1+ Qz+ Ga and could correspond to an earlier
generation of tonalitic-trondhjemitic rocks. However, such
residues would not impart the highly fractionated REE pat-
terns characteristic of Archean trondhjemites. If a first gen-
eration of tonalitic-trondhjemitic melts was generated by
higher pressure partial fusion of eclogite and emplaced at
55 km depth, it would crystallize to an assemblage con-
sisting almost entirely of Na — P14 Qz with highly fraction-
ated REE patterns. These rocks in turn could be partially
melted to yield a second generation of trondhjemites which
would inherit the highly fractionated REE patterns because
neigher Pl nor Qz is capable of significantly fractionating
HREE from LREE.
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Introduction

In their 1976 paper, Barker and Arth stated: ““The problem
of the origin of trondhjemites and cogenetic tonalites and
more mafic rocks has received little attention from petrolog-
ists and geochemists in recent years.” There has been a
resurgence of interest in these rocks because of their role
as the principal components of the Archean terranes of
all continents, along with associated but less abundant me-
tabasalts. Barker and Arth (1976) noted that the Archean
occurrences from part of a bimodal suite consisting of about
20% basalt and 80% tonalite/trondhjemite, with no rocks
of intermediate composition. Barker, editor of a 1979 vol-
ume of Trondhjemites, Dacites and Related Rocks, reviewed
the other occurrences of the tonalitic-trondhjemitic suite,
and emphasized that trondhjemite is an abundant rock only
in the Archean grey gneiss complexes. Kawakami and Mi-
zutani (1984) estimated that trondhjemites and tonalites,
typically metamorphosed to gneisses, constitute more than
80% of the high-grade gneiss terranes of the nine Archean
cratons whose geology they reviewed, demonstrating their
prominence in the development of the earliest continental
crust. Many detailed field studies (e.g., McGregor 1979)
and geochronometric studies (e.g., Jahn et al. 1984) demon-
strate that the generation and emplacement of batholiths
of trondhjemite and tonalite with associated eruptions of
dacite and rhyolite is the second stage in the development
of continental crust, following earlier voluminous outpour-
mgs of basalt and komatiite. Interpretation of the geology
of greenstone belts and of the genetic relationships among
mantle, komatiite, basalt, and tonalite-trondhjemite have
been much debated, and it is essential that we understand
the origin of tonalite-trondhjemite to gain insight into the
origin and evolution of continental crust.

Origin of grey gneisses: approaches and hypotheses

One approach to the problem of early crustal genesis is
to study the rocks in the field, to determine everything
about the geochemistry of the rocks and minerals, to at-
tempt to relate the rocks to each other, and to construct
internally consistent petrogenetic schemes. This approach
has been followed extensively. Another approach is to de-
termine the phase relationships of the observed rocks and
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the assumed magmatic sources under various conditions
of pressure, temperature, and presence of various volatile
components, and to apply the standard techniques of in-
verse and forward approaches to unravel the petrogenesis,
or at least to apply constraints to petrogenetic schemes.
This approach has been extensively pursued to elucidate
the relationships between planetary mantles and basalts
(Wyllie et al. 1981) and in attempts to constrain the origin
of andesites and siliceous rocks associated with terrestrial
subduction zones (e.g., Green 1980; Wyllie 1982; Johnston
1986). Less experimental attention has been directed to-
wards the circumstances of the generation of the particular
silicic rocks of the early continental crust.

Hypotheses for the origin of these silicic magmas fall
into five categories: (1) Partial melting of eclogite or garnet
granulite source materials with basaltic compositions (Arth
and Hanson 1972; Condie and Hunter 1976; Compton
1978; Glikson 1979; Jahn et al. 1981), (2) partial melting
of amphibolite with or without garnet (Barker and Arth
1976; Hunter et al. 1978), (3) fractional crystallization of
basaltic magma (Arth et al. 1978), (4) direct partial melting
of the mantle as has been implied on the basis of Sr isotopic
arguments (Moorbath 1977), and (5) synmetamorphic Na-
metasomatism of preexisting granites (Drummond et al.
1986). Jahn et al. (1984) have concluded that mechanism
(4) is not plausible, because of this mechanism’s inability
to produce melts with either the major or trace element
characteristics of Archean tonalite-trondhjemite series
rocks (e.g., highly fractionated REE patterns, HREE deple-
tion, SiO, =60-75 wt %, MgO=0.5-2.5%, Na,0/K,0>
1.0). Thus, apart from mechanism (5), the existence of a
broadly basaltic protolith (including such diverse rock types
as the sanukitoids reported from the Canadian Shield by
Shirey and Hanson 1984) is apparently required for the
generation of the silicic rocks that occupy the bulk of the
shield areas on all of the continents. Moreover, the Sm-Nd
data of Jahn et al. (1984) from the Baltic Shield of Finland
convincingly demonstrate for the first time that, once
formed, the first generation silicic rocks may themselves
be remelted to produce additional generations of silicic
rocks and that fresh pulses of basaltic material may be
injected throughout the process. Thus, the generation of
Archean continental crust was a complex process involving
multiple melting episodes and a broad range of protolith
compositions.

Previous experimental studies: constraints

Experimental studies have been published with direct rele-
vance to hypotheses (1), (2), (3), and (4) listed above. Much
effort has been expended on the forward and inverse ap-
proaches of experimental petrology for peridotite-basalt,
and less for peridotite-komatiite. Incomplete data are avail-
able for combinations of the series gabbro-tonalite-trondh-
jemite-granite-H, 0. A few experiments apply to fractional
crystallization of basaltic magmas. We are aware of no pub-
lished experiments of the inverse type using natural trondh-
jemites.

Although anhydrous partial melting of peridotite (e.g.,
Jaques and Green 1979) is not capable of generating the
silicic magmas of interest here, the much-debated hydrous
peridotite melting experiments (e.g., Mysen and Boettcher
1975; Green 1976) demonstrate that the presence of water
generates more siliceous liquids. In detail, however, the ex-

perimental melt compositions, coupled with the inability
of peridotite (wet or dry) to generate melts with the appro-
priate trace element characteristics (Jahn et al. 1984), indi-
cate that peridotite is not a suitable parent material for
the generation of tonalite-trondhjemite series rocks under
any set of physical conditions.

The conditions of partial melting of basaltic source ma-
terial for the generation of tonalitic-trondhjemitic melts
have been subjects of much debate (e.g., Barker and Arth
1976). Variables include the volatile content and depth of
melting, and thus the mineralogical composition (e.g., ba-
salt, amphibolite, garnet granulite, eclogite). Anhydrous ba-
salt is not suitable, because neither plagioclase nor pyrox-
enes are capable of generating the highly fractionated,
HREE-depleted REE patterns typical of Archean tonalite-
trondhjemite series rocks; hornblende or garnet must be
present in the residue after melting (Arth and Barker 1976).
The low to moderate pressure (2-8 kbar) hydrous basalt
melting experiments of Holloway and Burnham (1972) and
Helz (1976) demonstrate the trondhjemitic-tonalitic melts
are formed after 20-30% melting leaving hornblende in
the residue. Similar siliceous melts with about 60 wt %
SiO, have also been produced under anhydrous conditions
from high-Al basalt (quartz eclogite) at high pressures
(25-30 kbar) by Johnston (1986), and from basaltic andesite
by Green and Ringwood (1968). About 30-35% melting
leaves garnet, clinopyroxene and coesite in the residue.
Melts approaching trondhjemite composition were calcu-
lated for about 10-15% melting of eclogite by Johnston
(1986).

The formation of tonalite-trondhjemite melts by frac-
tional crystallization of basaltic- melts is more difficult to
test. Nonetheless, an approximation of dry fractional crys-
tallization of three lunar basalts at low pressures was
achieved by Hess et al. (1975), who ran both cooling experi-
ments and ‘series-experiments’. At the low oxygen fugaci-
ties (Fe®-FeO) employed, all three compositions fraction-
ated to ferrobasalt compositions after about 95% crystalli-
zation which, with further cooling, exsolved a second liquid
similar in composition to granites. These liquids are more
potassic than the tonalite-trondhjemite suite. Spulber and
Rutherford (1983) found no liquid immiscibility in hydro-
thermal experiments on tholeiites, but the residual liquid
after 90% crystallization is low K,O-granitic, resembling
plagiogranites and trondhjemites.

The H,O-undersaturated liquidus surfaces for tonalite
and granite presented by Stern et al. (1975) and Huang and
Wyllie (1981) represent the inverse approach. The primary
minerals on these surfaces are consistent with (1) the deriva-
tion of granites by partial fusion of crustal rocks, but not
from peridotite (Wyllie 1984), and (2) the derivation of ton-
alite by partial fusion of crustal rocks but only at very
high temperatures (or as crystal mushes), or of hydrous
mantle peridotite but only at depths shallower than about
40 km (Nicholls and Ringwood 1973). Additional experi-
mental data relevant to the possible sources of granitoid
melts are available in isobaric H,O-undersaturated liquidus
boundaries for tonalite and granite at 15 kbar (Huang and
Wyllie 1986), and for synthetic granite and granodiorite
at 2 kbar and 8 kbar (Whitney 1975; Naney 1983). The
effect on the near-liquidus mineralogy of varying water and
oxygen fugacity in similar rock compositions has been in-
vestigated by Allen and Boettcher (1978, 1983) and Allen
et al. (1975).



These experimental studies demonstrate that tonalitic-
trondhjemitic melts may be generated by a variety of pro-
cesses from a variety of source materials depending on such
variables as the pressure, water content, and oxygen fuga-
city under which the process occurs. Although it is likely
that all these processes have contributed to the generation
of some trondhjemites, some may be ruled out for the gener-
ation of these rocks in Archean terranes. The absence of
rocks with compositions between basalt and tonalite/
trondhjemite needs explanation (Barker and Arth 1976).
Liquid immiscibility would result in such a bimodality, but
the relative volumes of the two compositions would be the
reverse of that observed (Kawakami and Mizutani 1984).
This bimodality also argues against an origin by differentia-
tion of basalts, because the intermediate compositions that
would surely have been produced are not found. Thus, it
appears that the early crustal silicic compositions on Earth
originated either by low to moderate pressure (< 18 kbar)
melting of hydrous basaltic (e.g., amphibolite) protoliths,
or higher pressure, near-anhydrous melting of garnet-bear-
ing basaltic materials (e.g., quartz eclogite).

As a step toward distinguishing between these various
possibilities we have determined the phase relations of a
natural trondhjemite from the Archean grey-gneiss terrane
of southwestern Greenland at 15 kbar as a function of water
content.

Starting material, the Niik gneiss

A natural sample of the Nitk ““granodioritic™ gneiss, kindly pro-
vided by V.R. McGregor, was used in all experiments. This sample
(GGU 221121) is typical of the most voluminous phase of the
type Nik gneisses (McGregor, personal communication, 1985)
which comprise the principal component of the second phase of
Archean (3.0-2.8 bybp) igneous activity in the Godthab region of
southwestern Greenland. Ages, detailed field descriptions and in-
ferences regarding the origin of the Nik gneisses were reported
by McGregor (1979), Bridgewater etal. (1976), and references
therein. There is general agreement that the Nilk gneisses represent
the metamorphosed equivalents of igneous precursors. Although
these precursors have variously been described as tonalites, grano-
diorites and trondhjemites, sample 221121 is clearly a trondhjemite
according to the criteria proposed by Barker (1979). An analysis
of sample 221121 performed by the Geological Survey of Green-
land together with an averaged microprobe analysis of a super-
liquidus run product are given in Table 1.

Sample 221121 consists predominantly of sodic plagioclase and
quartz with lesser amounts of biotite, epidote, and muscovite and
trace quantities of anhedral opaque minerals and euhedral apatite.
Foliation in the sample is defined by layers rich in phyllosilicates
and composite quartz grains with undulose extinction. Biotite is
pleochroic from straw-yellow to olive-green and often shares planar
interfaces with discrete epidote grains which are pleochroic from
tan to faintly yellow. Epidote also occurs along cracks within and
grain boundaries between feldspars although it has a vermiform
to granular texture in these settings.

The sample was crushed in a tungsten carbide shatter box and
then ground by hand in an agate mortar and pestle under alcohol
to an average grain size of 10 pm. Some grains as large as 40 pm
persisted. The sample was dried at 110° C in a vacuum oven and
stored in a desiccator between experiments.

Experimental methods

High pressure experiments were completed in a piston-cylinder ap-
paratus with samples enclosed in gold capsules to minimize the
effects of Fe-loss to the capsule. Phase assemblages exposed on
polished surfaces of run products were determined and analyzed
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Table 1. Starting material: Nék gneiss, trondhjemite #GGU
21121

Wt.% A B
SiO, 71.09 72.21
TiO, 0.20 0.23
Al O, 16.45 16.15
Fe,0; 0.33 NA?
FeO 1.05 0.89°
MnO 0.03 0.04
MgO 0.60 0.58
Ca0O 2.76 2.90
Na,O 493 4.73
K,0 2.33 2.23
P,0; 0.05 NA
LOI°® 0.46 NA
Total 100.28 100.00

A. Wet chemical analysis by the Geological Survey of Greenland
(McGregor, pers. comm., 1985)

B. Average of four microprobe analyses of super-liquidus run
product (Run 4 72), normalized to 100% to account for added
H,O0.

* Not analyzed
® Total Fe as FeO
© Weight loss on ignition

using standard methods with optical microscope, scanning electron
microscope, and electron microprobe.

Experimental procedures

Experiments were performed in a single-stage piston-cylinder appa-
ratus (Boyd and England 1960), using a 0.5-inch-diameter piston.
The apparatus was calibrated for pressure and temperature as de-
scribed by Boettcher and Wyllie (1968). Temperatures, measured
with W5Re/W26Re thermocouples, were controlled to within
+5° C of the set point by a digital, solid state controller manufac-
tured by Eurotherm Corp., and were accurate to +15° C. No cor-
rection for the effect of pressure on thermocouple emf was applied.
Furnace assemblies consisted of an outer cylinder of NaCl contain-
ing the high purity graphite furnace tube which in turn contained
an upper hollow NaCl cylinder, through which the thermocouple
passed, and a lower solid NaCl pedestal containing the capsule
(see below). All runs were brought to final pressure (15 kbar) with
the hot piston-out procedure described by Boyd et al. (1967). Pres-
sures listed in Table 2 are nominal, incorporate no corrections for
friction, and are considered accurate to +5%. Run durations var-
ied from a minimum of 22 hours to a maximum of 90.5 hours.
Oxygen fugacity was not buffered, but this should not significantly
affect the liquid compositions because of the very low FeO content
of the starting material (Table 1).

After loading of the dry rock powder and water, the gold cap-
sule was sealed by arc-welding and then loaded into a die with
powdered NaCl and pressed into a solid plug that fit in the bottom
of the furnace tube. In this way, all empty space around the capsule
was eliminated. The capsule was near the top of the pedestal, and
care was taken that no more than 1 mm of NaCl was present
between the capsule and the termocouple tip. After each run, the
NaCl surrounding the capsule was dissolved in warm water and
the capsule was dried and reweighed to check for leakage.

At the end of the majority of runs, the capsules were mounted
in epoxy in small brass tubes which were then ground and polished
to expose a surface for examination by SEM and electron micro-
probe. Near-solidus runs, particularly those in the water-saturated
regions, plucked badly and good polished surfaces were not ob-
tained. Some of these were crushed for examination by x-ray dif-
fraction and by optical study of grains in immersion oils.
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Fig. 1. Experimental results plotted from Table 2. The lines show
bracketed phase boundaries for the solidus and liquidus, and for
selected changes in the vapor-excess region. Abbreviations: Pl=
plagioclase, Qz=quartz, Bi=biotite, Ga=garnet, Hb=horn-
blende, Ep=epidote, L=liquid, V'=vapor

Analytical procedures

Phase identification was generally accomplished by back-scattered
electron (BSE) imaging of the samples coupled with collection of
EDS-spectra of individual grains using JEOL JSM-35A SEMs at
Caltech and the University of Oregon. Additional BSE imaging
as well as all quantitative analyses were performed on the JEOL
733 microprobes at Caltech and the University of Washington.
All analyses were performed using a 5 nA beam current, and an
accelerating potential of 15 kV. In an effort to minimize error due
to element migration away from the electron beam, Na was always
counted first. A defocussed beam was used for all glass analyses.
Comparison of the microprobe analyses of a super-liquidus run
product with the wet chemical analysis of the starting material
(Table 1) suggests that this analytical procedure yielded satisfactory
results. Standards consisted of a variety of natural minerals, syn-
thetic oxides and pure metals. Data reduction was performed on-
line using the procedure of Bence and Albee (1968).

Experimental results

The results of 32 runs at 15 kbar with the Nik gneiss plus
various H,O contents are listed in Table 2 and plotted in
Fig. 1. Figure 1 shows only the outline of the results for
the T-X(H,0) diagram, including the empirical boundaries
with excess water. The runs are plotted for a total H,O
content equaling the amount added (Table 2) plus 0.5%
corresponding to the amount already present in the rock
(Table 1). The phases observed are listed around the key
to the run points in Fig. 1; they were identified by a combi-
nation of optical methods and the analytical techniques
described above. The presence of bubbles in the glass was
taken as evidence for the presence of vapor under run condi-
tions. Trace quantities of apatite and Al,SiOs-polymorph
were also identified in near-solidus runs, but the data were

Table 2. Experimental results with trondhjemite-H,O at 15 kbar

Run TCC) %H,0* Duration Assemblage

#* (hours)

71 1050 2.3 46.0 PLL

66 1000 2.7 70.5 PLQzL

73 936 3.6 43.0 PILL

69 975 2.6 47.0 PLQzL

68 950 2.9 46.0 PL,Qz,Ga,L

70 925 2.7 49.0 PL,Qz,Ga,L

62 920 48 68.0 PL,Hb,Ga,L

63 900 5.8 44.0 PL,Hb,Ga,L

64 875 5.2 90.5 PLHb,Ga,L

65 850 43 72.0 PL,Qz,Hb,Ga,L
45 800 10.4 24.0 Hb,L

46 775 8.9 48.5 Qz,Ep,Hb,L

48 750 9.6 49.0 Ep,Hb,L

50 725 9.7 46.0 P1,Qz,Bi,Ep,Hb,L
51 700 10.8 45.5 P1,Qz,Bi,Ep,Hb,L
52 675 9.6 50.0 P1,Qz,Bi,Ep,L
55 650 11.8 46.5 PL,Qz,Bi,Ep,L,V
54 625 79 46.5 P1,QzBi,Ep,L,V
38 725 275 24.0 Ep,BiL,V

39 700 27.7 24.0 Ep,Bi,L,V

9 675 21.5 46.0 P1,QzBi,Ep,Hb,L,V
43 650 26.6 46.0 P1,Qz,Bi,Ep,L,V
44 625 26.1 70.5 P1,Qz,Bi,Ep,L,V
47 600 24.1 68.5 P1,Qz,Bi,Ep,V
72 1050 34 47.0 L

58 1000 5.7 24.0 L

59 975 5.8 46.5 L

60 950 49 67.5 L

61 925 4.9 72.0 L

56 850 9.7 23.0 L

49 825 10.5 24.0 L

37 750 26.8 220 LV

? wt.% H,0 added to capsule; starting material contains additional
0.5% (LOI)

Abbreviations: Pl — plagioclase, Hb — hornblende, Ep — epidote,
Bi — biotite, Ga — garnet, Qz — quartz, L — liquid, ¥ — vapor

inadequate for definition of their phase boundaries. Opaque
minerals were not observed.

The solidus and the H,O-saturated liquidus were brack-
eted as shown. These boundaries are assumed to be isother-
mal at this pressure. The H,O-undersaturated liquidus was
tightly bracketed, and extrapolated upward toward the
high-temperature liquidus estimated for anhydrous granite
(Stern and Wyllie 1973). The boundary of the subsolidus
vapor-absent field was plotted on the basis of the 0.46%
weight loss on ignition reported for the analyzed rock (Ta-
ble 1). This positioning assumes that all H,O 1s bound in
the minerals biotite, muscovite, and epidote.

Vapor-present results

The runs in Fig. 1 show the sequence of mineral assemblage
changes through the melting interval for experiments con-
taining a vapor phase. The subsolidus assemblage matches
the mineralogy of the original rock, apart from muscovite
which is present in the rock but was not observed in the
run products.

The subsolidus assemblage is joined by liquid in the
temperature interval 600-625° C. Between 650°C and
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675° C hornblende joins the assemblage, only to disappear
in the temperature interval between 675° C and 700° C to-
gether with plagioclase and quartz. The assemblage Bi+
Ep+L+V exists almost to the liquidus boundary, which
is bracketed between 725° C and 750° C. The relative posi-
tions of isothermal phase boundaries for minerals that dis-
appear within small temperature intervals in Fig. 1 have
been interpreted on the basis of run data in the vapor-
absent region and are shown in Figs. 2 and 3. Epidote rath-
er than biotite is represented as the liquidus mineral.

The intersection of the isothermal liquidus line with the
steeply dipping vapor-absent liquidus curve at 15.5% H,O
provides an estimate of the H,O solubility in trondhjemite
liquid at these conditions. The saturation boundary be-
tween this point and the solidus is loosely bracketed by
the runs with and without vapor bubbles and is consistent
with similar curves calculated at lower pressures by Robert-
son and Wyllie (1971).

Vapor-absent results

The near-liquidus phase relationships are well-constrained
by closely spaced runs at temperatures extending to at least
100° C below the liquidus for three series of runs, with
about 3% H,0, 5% H,O0, and 10% H,0. Phase boundaries
for each mineral as defined by the observed phase assem-
blages are given in Fig. 2.

Boundaries for plagioclase-out and quartz-out are well
defined in Fig. 2A, except that run #48 (750° C, 9.6 wt
% H,0) lacks quartz despite the other constraints that
place it about 10° C within the quartz stability field. Fig. 2B
shows the boundaries for hornblende-in and -out and their
relationship to garnet-out. We have no runs in the low-H,O
region that define the low temperature stability limit of
garnet (see the garnet-free subsolidus assemblage in Fig. 1).
Finally, Fig. 2C examines the relative positions of the phase
boundaries for the hydrous minerals, hornblende, epidote,
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and biotite. The positions of these boundaries change rela-
tive to the vapor-present results. The upper boundary for
hornblende-out rises to much higher temperatures than
those for epidote and biotite, bringing hornblende to the
liquidus for the temperature interval between about 775° C
and 900° C. The results of vapor-present experiments do
not discriminate between epidote and biotite as liquidus
minerals, but the results with 10% H,O suggest that epidote
has a higher temperature stability than biotite in the vapor-
present field. Note the way the Hb-out curve is constrained
to cross over the Bi-out and Ep-out curves as it rises to
the liquidus, creating a small interval with epidote on the
H,O-undersaturated liquidus as well as on the H,O-satu-
rated liquidus.

Our main experimental objective was to determine the
primary minerals on the H,O-undersaturated liquidus. Fig-
ure 2 shows a succession of primary minerals with increas-
ing temperature: epidote, hornblende, garnet, and then pla-
gioclase; there is a possibility that quartz might succeed
plagioclase as the liquidus mineral before the anhydrous
liquidus is reached and that biotite might precede epidote.

Interpreted phase diagram

The experimentally determined segments of the mineral
phase boundaries from Fig. 2 are not very well constrained
for extrapolation into the large vapor-absent region of crys-
tals +liquid (Figs. 1 and 2). Examples of similar phase dia-
grams at 15 kbar are known for tonalite and muscovite-
granite (Huang and Wyllie 1986), but these contain no epi-
dote. The only relevant phase diagram containing epidote
is Naney’s (1983) 8 kbar T-X(H,0) diagram for a synthetic
hornblende-biotite granodiorite, which was based on many
runs with H,O contents down to 1 wt %. Using these stu-
dies as guides, we have constructed two interpretations,
shown in. Fig. 3, of how the phase boundaries might extra-
polate into the vapor-absent region. The points of multiple
intersection at ~800° C and 8 wt % H,O are not con-
strained to meet in this special way by the runs but are
drawn this way for simplicity (cf. Naney 1983, p. 1005);
otherwise many additional small phase fields would be in-
troduced in this region.

There are two important differences between the two
interpretations shown in Fig. 3. The first concerns the sta-
bility of hornblende at low water contents. Figure 3A con-
structed using Naney’s diagrams (1983, Figs. 3a, 4a) as a
guide and shows the phase boundaries for hornblende-in
and hornblende-out joining to form a continuous curve ex-
cluding hornblende from the low H,O region. By contrast,
Fig. 3 B shows these curves extending separately all the way
to the rock composition, similar to the biotite-out and epi-
dote-out curves.

We prefer the interpretation shown in Fig. 3B for the
following reasons: Consideration of Naney’s (1983) 2 and
8 kbar data demonstrates that the hornblende stability field
expands in temperature and migrates to lower H,O contents
as pressure is increased. The continued expansion of this
field to 15 kbar would logically lead to the topology shown
in Fig. 3B (Naney, pers. comm., 1988). Recent results by
Rutter and Wyllie (1987), confirming that the phase bound-
aries for both hornblende and biotite in a tonalite have
this configuration at 10 and 15 kbar, support this interpre-
tation.

HORNBLENDE

Tonalite
Gabbro eco°c"‘o/ 700-900°C 5% H,0

5% H0 700°C
Trondhjemite

750-800°C 9-11% H,0
P=15kbar

BIOTITE
atom %

700-725°C

10-11% H2O  1rondhiemite

Mg Fe

Fig. 4. Hornblende and biotite compositions compared to those
crystallized from gabbro and tonalite at 15 kbar (Huang and Wyllie
1986)

The second important difference between the two inter-
pretations shown in Fig. 3 concerns the points of multiple
saturation along the H,O-undersaturated liquidus. In
Fig. 3B we show one point at ~900° C and 7 wt % H,O
where the melt is simultaneously saturated with respect to
plagioclase, hornblende, and garnet. This point corresponds
to run 463 which does contain these three phases. We
consider it too much of a coincidence, however, for this
point of multiple saturation to occur precisely at the pres-
sure of 15 kbar selected for experimentation. Therefore we
once again prefer the interpretation shown in Fig. 3B, with
a short liquidus segment for primary garnet between plagio-
clase and hornblende. This is consistent with all other runs
and implies that run #63 in fact plots just beneath the
liquidus in the field for P1+ Hb+Ga+ L.

According to Fig. 3B, on heating the vapor-free rock,
which consists of the assemblage Pl+Qz+ Bi+Ep, there
is first a reaction generating hornblende (some melt would
be produced if the formation of hornblende from biotite
released H,0), followed by the reaction of biotite to gener-
ate some H,O-undersaturated liquid, and then the break-
down of biotite followed by epidote, with the formation
of garnet associated with these reactions. At higher temper-
atures, near 900° C, the hornblende would also react, yield-
ing additional H,O for increased melting. Figure 2 shows
that we have little information about the garnet phase
boundary below the liquidus. This boundary is arbitrarily
shown to pass through a point of multiple intersection in
Fig. 3B, and the low temperature segment is drawn subhori-
zontally to indicate that its formation is coupled with the
loss of biotite and epidote.

Consider the crystallization of a liquid with 5% H,O
with the aid of Fig. 3B. The phase boundaries suggest reac-
tion relationships of the following types, in the sequence
listed:

garnet + plagioclase + liquid = hornblende 1)
plagioclase + hornblende + liquid =epidote 2
plagioclase + hornblende + liquid = epidote + biotite 3)
hornblende + liquid = biotite @

With excess H,0, the hornblende-epidote reaction is re-
versed:

epidote +liquid + vapor =hornblende + plagioclase ®)
and then biotite is formed by reaction of the hornblende.

Naney (1983) discussed similar reaction relationships in
synthetic granodiorite-H,O at 8 kbar.



Table 3. Microprobe analyses of glasses in experimental runs®
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Run 65 70 68 69 66 71 72 51 50 48 46 45
TCO 850 925 950 975 1000 1050 1050 700 725 750 775 800
wt.% H,0P 4.3 2.7 2.9 2.6 2.7 2.3 34 10.8 9.7 9.6 8.9 10.4
Assemblage Gl,Ga, Gl,Ga, GLGa, GLPl, GLP], GLPl, Gl GLEp, GLEp, GLHb, GLHb, GLHb

PL,Qz PLQz P1,Qz Qz Qz Bi,Pl, Bi,Pl, Ep Qz

Qz Qz -

# analyses 2 1 2 1 1 4 3 -3 3 2 2
Si0, 73.79 74.93 73.17 72.79 73.90 73.03 72.21 71.04 72.94 73.78 74.16 73.29
TiO, 0.08 0.12 0.10 0.15 0.08 0.06 0.34 0.24 0.20 0.17 0.15 0.22
Al O, 15.38 15.66 15.23 15.56 15.07 15.93 16.15 17.22 16.45 16.05 16.04 16.19
FeO* 1.14 1.17 1.00 1.21 0.80 0.58 0.89 1.24 1.09 1.13 1.01 1.17
MnO 0.02 0.10 0.05 0.00 0.04 0.00 0.04 0.10 0.05 0.07 0.02 0.09
MgO 0.43 0.56 0.61 0.72 0.63 0.60 0.58 0.40 0.32 0.34 0.25 0.31
CaO 2.49 2.15 2.67 2.39 2.70 2.66 2.90 2.95 2.49 2.56 2.55 2.81
Na,O 4.03 2.39 4.49 4.49 4.44 4.89 4.73 4.33 4.09 3.56 3.46 3.64
K,O 2.61 2.91 2.68 2.68 2.32 2.24 2.23 2.47 2.35 2.31 2.33 2.26
Total 100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00
Orig. 89.11 92.90 92.44 93.25 91.93 93.64 92.84 90.92 91.09 88.62 88.28 89.31
total?

® Analyses are normalized to anhydrous totals of 100 wt. %. All analyses were obtained using a defocussed beam except run #70

for which a focussed beam was inadvertently used

b Wt.% H,O0 added to capsule; glasses generally contain more H,O due to crystallization of anhydrous phases

¢ Total Fe reported as FeO
9 Original total of analysis before normalization

For abbreviations, see Table 2; Gl =glass

Table 4. Microprobe analyses of plagioclase in experimental runs

Run 65 70 68 66 7 51 50
TCO 850 925 950 975 1000 1050 700 725
Wt % H,0? 43 2.7 29 2.6 2.7 23 10.8 9.7
Si0, 62.40 62.19 62.67 62.57 61.07 60.38 62.98 63.14
TiO, 0.00 0.02 0.00 0.02 0.02 0.00 0.00 0.00
Al,O5 22.61 22.54 22.69 22.26 22.80 23.47 23.25 23.40
FeO® 0.09 0.09 0.05 0.26 0.09 0.08 0.14 0.02
MnO 0.04 0.08 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.11 0.03 0.03 0.00 0.05
CaO 498 5.27 5.23 5.99 5.99 6.84 4.62 4.88
Na,O 8.79 8.76 8.81 6.35 7.80 7.28 8.95 8.74
K,O 0.29 0.32 0.44 0.87 0.48 0.47 0.09 0.13
Total 99.20 99.28 99.88 98.43 98.27 98.54 100.16 100.43
Mol. % An 24 25 25 30 34 22 24

* Wt. % H,0 added to capsule
* Total Fe reported as FeO

Measured phase compositions

Selected electron microprobe analyses of phases in samples
quenched from the vapor-absent region in Fig. 1 are listed
in Tables 3-5, and illustrated in Figs. 4-6.

Glasses

Electron microprobe analyses of glasses are listed in Table 3
for 12 samples representing the range of temperatures inves-
tigated with approximately 3 and 10% H,O. The analyses
have been normalized to anhydrous totals of 100 wt %

so they can be compared more easily with the bulk rock
composition (Table 1) to assess the effects of crystallization
on the melt compositions. We note, however, that despite
using a low beam current (5 nA) and defocussed beam and
always counting sodium first to minimize Na migration
away from the electron beam, it is clear that some of the
Na,O analyses are still low. This problem is particularly
apparent in the glass from run #70, which was inadver-
tently analyzed with a focussed beam, and the glasses con-
taining the highest H,O contents. The K,O analyses may
have been similarly affected but probably to a lesser degree.
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Table 5. Microprobe analyses of mafic minerals in experimental runs

Phase Hornblende Epidote Biotite Garnet
Run 48 46 45 51 50 51 50 70 68
TCO 750 775 800 700 725" 700 725 925 950
Wt. % H,0* 9.6 8.9 10.4 10.8 9.7 10.8 9.7 2.7 29
SiO, 43.99 44.37 45.09 40.75 37.77 37.64 36.27 40.98 40.36
TiO, 1.07 0.96 1.02 0.13 0.07 2.16 2.1 0.46 0.42
AL O, 14.98 16.19 14.42 22.31 22.80 17.02 16.72 19.22 20.75
FeQOP® 13.34 14.15 12.55 11.27 12.42 18.92 18.35 21.33 18.76
MnO 0.15 0.20 0.17 0.21 0.32 0.15 0.18 0.63 0.71
MgO 10.82 9.54 12.25 0.04 0.00 10.08 9.81 10.33 9.95
CaO 8.71 8.57 8.57 21.88 22.79 0.10 0.14 5.98 7.71
Na,O 2.86 2.85 2.7 0.07 0.00 0.21 0.41 0.14 0.09
K,O 0.59 0.70 0.54 0.06 0.02 9.43 9.44 0.04 0.00
Total 96.51 97.58 97.32 96.72 96.22 95.72 93.43 99.11 98.75
2 Wt. % H,0 added to capsule
b Total Fe reported as FeOQ

Despite the unfortunate problems with analyzing alkali- UL LA L L L B
rich hydrous glasses noted above, some important conclu- Igneous epidotes
sions may nevertheless be drawn from the data in Table 3. | Rocks
Perhaps the most striking feature of the glass analyses is 3 i ]
the very limited range of compositional variability they dis- D Experiments
play despite the broad range in percentage of crystals in 2r 7]
the run products (up to ~40% in run 3 51) and the variety
of coexisting crystalline phase assemblages. Moreover, the 1 i 7
glass compositions do not differ greatly from the bulk
trondhjemite. These observations stem from two basic 0 . .
causes. In the majority of the run products, the crystallized T_, L M[etlarln?rlpr"f: Ielp 'ldIOtlels L —._T
assemblages are dominated by sodic plagioclase and quartz 0 10 20 30 40 1 50

and are thus very similar in composition to the bulk trondh-
jemite. In other runs that lack quartz and/or plagioclase
but contain hornblende, epidote, or biotite (e.g., #45, ¥46,
#48), the abundances of the mafic phases are very low
(due to the low CaO, FeO*, and MgO abundances of the
bulk rock), and thus their crystallization has only a limited
influence on the compositions of the derivative melts.

Although the derivative melt compositions are clearly
not identical to the bulk trondhjemite starting material, it
is important to note that they are trondhjemitic neverthe-
less. This result suggests that melts with trondhjemitic ma-
jor element compositions can be generated at 15 kbar by
melting hydrous trondhjemite precursors. Trace element
data pertaining to this possibility will be discussed in a
later section.

Plagioclase

Plagioclase analyses (Table 4) were obtained for six samples
with approximately 3% H,O and two samples with about
10% H,O. These analyses are of nearly pure albite-anorth-
ite solutions ranging in composition from Anso_z, near
the liquidus at 3% H,O to An,, s at lower temperatures
where it coexists with other Ca-bearing phases (hornblende
and/or epidote).

Mafic minerals

Analyses of epidote, hornblende, and biotite were obtained
from 2-3 samples each, all of which contained about 10%

mole % pistacite (Fe3YFe3tAl)
Fig. 5. Histogram showing magmatic epidote compositions from
natural rocks (Zen and Hammarstrom 1984; Evans and Vance
1987) and experimental run products (this study and Naney 1983).
Note the restricted range in compositions relative to that of meta-
morphic epidotes (Deer et al. 1962)

H,0. These data together with garnet analyses from 2 sam-
ples containing about 3% H,O appear in Table 5.

The hornblende and biotite analyses are from samples
run at closely spaced temperatures and thus exhibit very
limited compositional variability. The biotite has an atomic
Mg/(Mg+Fe?") ratio of about 0.49 (Fig. 4) whereas a
range of 0.54-0.63 is observed for hornblende. In Fig. 4,
the hornblende analyses are compared with hornblendes
crystallized from a gabbro and a tonalite at comparable
pressures and temperatures but lower H,O contents (Huang
and Wyllie 1986). Despite the broad range in bulk composi-
tions, the hornblende analyses are similar.

The observation of epidote in hypersolidus experiments
in this study represents only the second report of epidote
coexisting with melt in experimental run products (Naney
1983). In Fig. 5 our epidote analyses are compared to epi-
dote in Naney’s (1983) experiments and to examples of nat-
ural magmatic epidote from tonalitic plutons (Zen and
Hammarstrom 1984) and dacitic dikes (Evans and Vance
1987). Despite the broad range of bulk composition
(tonalite to trondhjemite), crystallization temperature
(600-800° C), and H,O contents (4 to 10 wt %) represented,
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Fig. 6. Garnet compositions compared to those crystallized from
gabbro and tonalite at 15 kbar (Huang and Wyllie 1986)

the analyses are remarkably similar, varying only from 21
to 29 mole % pistacite molecule; Ps=Fe**/(Fe’* + Al).
Other examples of probable magmatic epidote, although
not recognized as such at the time, support this observation
(Hickling et al. 1970, Ps 31; Lee etal. 1971, Ps27). The
limited composition range of magmatic epidote was also
recognized by Tulloch (1979, 1986) who noted that epidote
in five compositionally diverse plutons he studied ranged
only from Ps 25.2 to Ps 28.5. By contrast, epidote formed
by subsolidus alteration of plagioclase (Ps 0-24) and biotite
(Ps 36-48) is more variable in composition and overlaps
only slightly with the compositions of magmatic epidote
(Tulloch 1986). The data so far available suggest that ept-
dote chemistry cannot serve as a sensitive indicator of crys-
tallization conditions in magmas, but this may change as
more natural examples of magmatic epidote are recognized
and as more experiments are completed.

The garnet analyses are alt simple three-component pyr-
ope-grossular-almandine solutions (Table 5). In Fig. 6,
these analyses are compared to the garnet crystallized from
gabbro and tonalite bulk compositions at comparable pres-
sures and temperatures but slightly higher H,O contents
(Huang and Wyllie 1986). The trondhjemite garnets at
925-950° C are similar to tonalite garnets at 950° C. Unfor-
tunately, the temperature range represented by our garnet
analyses is too limited to discern trends as a function of
temperature.

Petrological applications

The results presented here represent the first of their kind
for a trondhjemitic bulk composition and provide insight
into processes that could generate trondhjemitic melts at
depth in the crust. The experimental pressure of 15 kbar
is attained at a depth of about 55 km in thickened crust
of orogenic belts. The liquidus phase relations will first be
examined to place constraints on permissible residues, and
these will then be interpreted in light of the geochemical
characteristics of Archean trondhjemites.
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Fig. 7. Schematic results for the H,O-undersaturated liquidus sur-
face for the Nik trondhjemite, based on the phase diagram in
Fig. 3B and similar P-T projections for other rocks (Wyllie 1979,
Figs. 19-21). The heavy lines represent the dry liquidus, the H,O-
saturated liquidus, and the solidus with H,O. The liquidus surface
is contoured by lines of constant H,O content. Note point S which
represents primary crystallization of hornblende, garnet and pla-
gioclase

Inverse approach, possible mineral residues

Employing the standard inverse approach (Wyllie et al.
1981), the near-liquidus mineral assemblages are interpreted
as potential residues from which a trondhjemite melt could
be eéxtracted. Implicit in this interpretation is the assump-
tion that the composition of the melt just beneath the liqui-
dus does not differ significantly from the bulk trondhjemite
composition because so few crystals form. The glass analy-
ses in Table 3 confirm this assumption and demonstrate,
moreover, that the melt composition remains trondhjemitic
as crystallization proceeds considerably further, at least to
100° C beneath the liquidus when the charge is about 40%
crystallized (estimated mode of run # 51). Mineral assem-
blages occurring well beneath the liquidus are therefore
permissible residues from which trondhjemite melt could
be extracted at 15 kbar. The data do not constrain the rela-
tive proportions of phases present in any real residue. It
is only required that the mineral assemblage (and composi-
tions) of a real residue correspond to one of those observed
here.

Figures 1 and 3 show a variety of assemblages stable
within 100° C of the H,O-undersaturated liquidus of
trondhjemite 221121. Although each of these represents a
potential residue from which trondhjemite melt could be
extracted, they only represent potential source rock assem-
blages if two conditions are met: (1) melting must not have
been so extensive as to totally consume a mineral, and (2)
the melt must not have been in a reaction retationship with
any mineral. In either of these circumstances a mineral
could be present in the source rock yet not appear near
the liquidus of the derivative melt.

Figure 7 shows our estimate of the H,O-undersaturated
liquidus surface for the Nik trondhjemite. This figure is
based largely on the interpretation of our experimental re-
sults shown in Fig. 3B, and by analogy with similar dia-
grams constructed by Wyllie (1979, Figs. 19-21) using data
from various sources. The liquidus surface is contoured by
lines of constant H,O content, and field boundaries sepa-
rate the fields for crystallization of the primary minerals.
Points on the contours and field boundaries at 15 kbar are
defined in Fig. 3B. Lines drawn through these points by
analogy with other rock systems provide the intersection
point labeled ‘S’. This represents the conditions of pressure,
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temperature and H,O content of liquid where trondhjemite
melt is simultaneously saturated with garnet, hornblende,
and plagioclase. The position of point ‘S’, although not
well constrained, provides a minimum pressure for the oc-
currence of garnet on the liquidus. The small field for epi-
dote at very high H,O contents is consistent with our results
at 15 kbar (Fig. 3B) and Naney’s (1983) observation of sub-
liquidus epidote in the synthetic granodiorite composition
he studied at 8 kbar. The slope of the epidote-hornblende
field boundary and the pressure of its intersection with the
H,O-saturated liquidus field boundary are not known and
merit additional experimental study.

Figures 3B and 7 show that residues consisting of sodic-
plagioclase with or without quartz and garnet are possibili-
ties at 15 kbar and low H,O contents (< 5% in the liquid),
although the temperatures required are high (>900° C).
Such assemblages could correspond to the residues of melt-
ing earlier rocks with tonalitic to trondhjemitic composi-
tions. At intermediate H,O contents a variety of assem-
blages consisting of some or all of hornblende, garnet, Na-
plagioclase, and quartz are possible residues. Such residues
could result from a variety of processes. Assemblages con-
taining sodic plagioclase could be produced by small to
moderate degrees of partial melting of silicic precursors.
Assemblages consisting of only hornblende + garnet could
represent residues after large degrees of partial melting of
silicic protoliths or more moderate degrees of melting of
mafic precursors such as garnet-amphibolite. For liquids
with very high H,O contents (> 9 wt %), residues consisting
of hornblende and perhaps also epidote are possibilities.

Epidote crystallization in granitoid rocks

Naney (1983) confirmed experimentally the proposal ad-
vanced by a number of workers that epidote could occur
in granitic magmas as a primary mineral. At § kbar, the
solidus of the granodioritic composition studied by Naney
was observed at 605° C. Epidote was observed to coexist
with liquid to about 680° C in the H,O-undersaturated re-
gion. For the trondhjemite at 15 kbar in Figs. 2C and 3B,
epidote coexists with liquid to temperatures almost 200° C
above the solidus temperature of 612° C. Furthermore, it
has a small range (~750-775° C) as a primary liquidus
mineral for bulk compositions with >13 wt % H,O.

Zen and Hammarstrom (1984) noted that epidote in
the natural samples they studied formed late, as a product
of reaction between hornblende, plagioclase, and liquid pro-
ducing epidote and biotite as products. This is the same
reaction as (3) given earlier and is consistent with crystalli-
zation from a relatively H,O-poor magma. By contrast,
Hollister et al. (1987) noted that epidote in the Ecstall plu-
ton is rimmed by biotite and suggested that it might not
be a stable subsolidus mineral. No such reaction relation-
ship is apparent in either our results at 15 kbar or Naney’s
(1983) results at 8 kbar; epidote persists as a stable subsoli-
dus mineral in both studies.

At higher H,O contents, epidote begins to crystallize
closer to the liquidus (Fig. 3B). For bulk compositions con-
taining 8-12 wt % H,O, epidote crystallizes second after
hornblende, whereas at higher H,O contents it is the first
mineral to crystallize. Thus, if abundant water were avail-
able, epidote phenocrysts might be expected in extrusive
rocks such as were recently described in dacitic dikes by
Evans and Vance (1987). On the basis of mineral equilibria

ORIGIN OF ARCHEAN TRONDHJEMITE

Eclogite

Mantle

Amphib.

La Yb

Fig. 8. Schematic multi-stage model for the origin of Archean
trondhjemites that is consistent with available geochemical and
phase equilibrium data. Partial melting of mantle peridotite gener-
ates a basaltic protocrust, which is soon transformed into either
eclogite or amphibolite depending on pressure and the abundance
of H,0. These source materials are then partially melted to yield
a first generation of tonalite-trondhjemite-granite (TTG) rocks
with highly fractionated REE patterns. These TTG rocks can then
be remelted to yield a second generation of TTG rocks that will
inherit the fractionated REE patterns of their parent materials

calculations, Evans and Vance inferred high H,O fugacities
(about 6 kbar) during crystallization of their samples, al-
though the total pressure they deduced (813 kbar) is some-
what less than that of the experiments reported here.

Origin of Archean crust, other constraints

One of the intriguing characteristics of Archean tonalite-
trondhjemite-granite (TTG) series rocks that distinguish
them from TTG rocks of more recent time is their highly
fractionated REE patterns ((La/Yb),=15-50) which often
also display HREE-depletion (O’Nions and Pankhurst
1974; Compton 1978; Jahn et al. 1984). These characteris-
tics virtually require that garnet or hornblende made up
a substantial percentage of the residue from which these
melts were originally extracted.

From Figs. 3B and 7 it is clear that at 15 kbar, suitable
residues are only in equilibrium with trondhjemitic melts
containing abundant dissolved water (>5% in the melt
fraction). However, this need not necessarily imply un-
usually abundant H,O in the partially molten region as
a whole if the melt accounts for only a small fraction of
it. Lower crustal amphibolite or garnet granulite source
rocks could generate melts with trondhjemitic major and
trace element compositions. If sufficient water is not avail-
able, higher pressures are required to satisfy the REE con-
straint because of the positive slope of the plagioclase/gar-
net boundary on the H,O-undersaturated liquidus of
trondhjemite (Fig. 7) which requires increasing pressure
with decreasing H,O contents to remain in the garnet field.
Under these circumstances nearly anhydrous eclogite in the
form of tectonically overthickened crust or subducted oce-
anic crust would be a permissible source rock (cf. Johnston
1986).

The data presented here are also consistent with the
multi-stage development model for the Archean crust in
Finland developed by Jahn et al. (1984) on the basis of
isotopic and trace element data. Their model, illustrated
in Fig. 8, calls for at least three stages of crustal develop-



ment. First, basalts are formed by partial melting of perido-
tite and are soon transformed to garnet amphibolites or
eclogites (depending on pressure and H,O abundance) and
remelted to yield a first generation of TTG composition
rocks. After a considerable residence time, these TTG rocks
are remelted to yield a second generation of TTG rocks
with essentially identical major element compositions but
highly evolved ***Nd/!**Nd ratios.
Tonalitic/trondhjemitic melts generated by partial melt-
ing of amphibolite or eclogite would have highly fraction-
ated REE patterns. If such melts were then emplaced at
mid- to lower crustal levels, they would crystallize to assem-
blages consisting almost entirely of Na-plagioclase and
quartz, the same phases that occur on or near the trondhje-
mite liquidus at low H,O contents. Nevertheless, these pla-
gioclase-quartz assemblages would contain the highly frac-
tionated REE signature characteristic of their source. Sub-
sequent melting of these rocks would generate melts with
very similar major element compositions that would inherit
the fractionated REE patterns of their source rocks because
neither plagioclase nor quartz significantly fractionates
heavy from light REE. Thus we would expect high negative
slopes on chondrite-normalized REE plots for both first-
and second-generation trondhjemites, although the REE
abundances should be higher in second-generation products

(Fig. 8).
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