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origin controversy
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York An entertaining debate arose in the latter half of the 20th century among scientists
working on the spectacular eclogite facies rocks that occur within metamorphic
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Email: hannes@ldeo.columbia.edu way” who concluded, incorrectly, that mafic eclogites within gneisses (external

eclogites) and garnetiferous ultramafic rocks within peridotite lenses had a com-
Handling editor: Charlotte Moller mon origin. The debate featured two end-member positions. One was that all
these garnet-bearing assemblages, regardless of association, had an exotic origin,
where they recrystallized at extremely high pressures and temperatures (P-7) in
the mantle and then were tectonically inserted upward into the crust. The other
was the in situ origin where this recrystallization occurred within the enclosing
gneisses during regional metamorphism. Garnet peridotites and pyroxenites have
compositions identical to ultramafic xenoliths in kimberlites and define P-T con-
ditions that are appropriate to the upper mantle. Therefore, peridotite lenses were
generally (and correctly) interpreted to be mantle fragments. However, some
extended this exotic origin to external eclogites, particularly coarse-grained
orthopyroxene- (and coesite-) bearing eclogites, which also formed at extremely
high P-T. They noted an apparent pressure and temperature disequilibrium
between anhydrous eclogites and the surrounding amphibolite facies gneisses. It
was generally accepted that eclogites could form only in “dry” environments
(Pr,0 << Pyoa)- Thus, eclogites had to form within the anhydrous mantle rather
than the host hydrous crust. Finally, there was doubt as to whether the necessary
P-T conditions could be generated in continental crust, even when tectonically
thickened. The arguments for an in situ origin were based largely on external
eclogites. Thin sections showed garnet cores with amphibolite facies inclusions
and rims with eclogite facies minerals suggesting prograde metamorphism. Simi-
larly, core to rim changes in mineral chemical composition were consistent with
increasing P—T. Coesite and microdiamond were found in both eclogites and host
gneisses. Finally, thermobarometry showed burial depths increased from SE to
NW across the WGR. Breakthroughs occurred when old assumptions were dis-

carded. Eclogite recrystallization actually can occur in the presence of water.

Eclogites and garnet peridotite and pyroxenites had completely different histories.
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1 | INTRODUCTION

There is a poem (published in Gardner, 1995) by the 19th
century American poet John Godfrey Saxe, based on an
ancient Hindu parable, about unsighted people touching
different parts of an elephant and coming to completely dif-
what they were touching
(Figure 1). An analogous situation occurred during the sec-
ond half of the 20th century as Earth scientists began an
intense study of the eclogites and garnetiferous ultramafic
rocks within the Western Gneiss Region (WGR, Figure 2),
a metamorphic terrane that occurs at the base of the Nor-
wegian Caledonides. These rocks became famous when
Pentti Eskola wrote his highly influential manuscript “On
the Eclogites of Norway” in 1921. His intention was to
expand on his earlier classic work “The Mineral Facies of

ferent conclusions about

o sy

FIGURE 1 Cartoon based on John Godfrey Saxe’s poem about
blind men (in this case blindfolded geologists) and an elephant.
Touching different parts of the elephant led to different, and incorrect,
conclusions of its identity. Cartoon drawn by Bo Johansson Moller

They give different ages, formed under different P-7" conditions, and have differ-
ent geochemical fingerprints. The debate was finally resolved when it became
generally accepted that continental crust could subduct into the mantle. Thus, it
could subduct to eclogite facies depths where, simultaneously, peridotites could
be inserted from the overlying mantle wedge. Both sides of the debate were cor-
rect! However, eclogites recrystallized “in situ” only because the enclosing crust
was deep in the mantle and garnet peridotites did invade continental crust as
solids, but only because the crust was below a mantle wedge. The “Great Debate”
was fierce at times, but it led to the modern understanding that continental sub-

duction is a vital part of mountain building.

continental subduction, eclogite, garnet peridotite

Rocks” (1920) by describing, classifying, and inferring the
origin of these spectacular-looking, high-P rocks.

Eclogites are metamorphic mafic rocks that occur as
boudins, lenses, and a few larger masses (some >1 km2)
within the largely amphibolite facies metamorphic rocks of
the WGR. They are widely distributed (Figure 2). They are
called “external” or “crustal” eclogites to distinguish them
from rocks of similar composition that occur as lenses
within peridotites (“internal eclogites”). Both types of
eclogite should, in turn, be distinguished from garnet-
bearing ultramafic rocks (garnet peridottes and garnet
pyroxenites) that occur within large garnet-free dunite and
harzburgite bodies. These ultramafic lenses, some of which
cover several kmz, are also widely distributed in the
gneisses of the WGR, but only a few of them contain gar-
net-bearing assemblages (Figure 2). Failure to make dis-
tinctions between these different rock types confused the
issue of how they formed. Most investigators accepted
Eskola’s general conclusion that all formed at very high
pressure. The question was where? There were two end-
member positions. One was the “exotic mantle origin”
where both the eclogites and the garnetiferous ultramafic
rocks crystallized or recrystallized deep in the mantle and
then were tectonically inserted into their present position in
the metamorphic crustal rocks of the WGR. The other was
the “in situ” or “crustal” origin where at least the eclogites
recrystallized within the gneisses and metasedimentary
rocks of the continental crust during regional metamor-
phism. Both sides made reasonable arguments, but were
influenced by their specialties. So structural geologists
emphasized different lines of evidence than mineralogists,
while geochemists and petrologists found other observa-
tions more compelling, and even they did not necessarily
agree with each other. In other words, we were observing
different parts of the elephant and could not come to a
coherent understanding of that elephant until we made new
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discoveries, discarded some of our old assumptions and
conceded that those on the other side of the debate might
have some valid points.

Two of Eskola’s conclusions complicated the debate.
First, he equated what we now would call external eclog-
ites (non-foliated = “Duen type”; foliated = “Lyngenes
type”) with what we would now call garnet peridotites and
garnet pyroxenites (=“Rgdhaugen type”). He actually
described eight types of eclogite with the eighth (“Eclogite-
pegmatite of the Gryting type”) creating additional confu-
sion, as discussed further below. Second, he concluded that
all eight rock types, and the gneisses that enclose them, as
well as associated anorthosites, had a common igneous ori-
gin as magmatic differentiates that crystallized at extremely
high pressures (“On the Genetic Connection between the
Eclogites, Dunites and Labradorite-rocks”). “All these
rocks no doubt have been derived by a process of differen-
tiation from one and the same magma, but the details or
causes of this process we may at present leave undis-
cussed.” Dunite and anorthosite layers do occur in layered
intrusions of the Skaergaard type (i.e. Bushveld Stillwater,
Muskox, others), which clearly formed through magmatic
differentiation through the classic Bowen Reaction Series
(Bowen, 1928). It is therefore not surprising that Eskola
postulated a related origin (Bowen wrote his classic book
after Eskola’s publications, but layered intrusions were
already known to exist). Eskola’s conclusion of a common
igneous origin is now known to be incorrect, but was
widely accepted at the time.

Eskola did consider other cases; for example where
‘...a solid gneiss mass (‘of granite’) was pressed down

deep enough to meet gabbroid magma which, after hav-
ing enclosed fragments from the gneiss, solidified as a
true eclogite.” Another case he considered was where,
‘...owing to the gravitational control... there may have
been chances for the inclusions to be caught up from
beneath as well as to sink down (‘into the crystallizing and
differentiating gneiss magma’) from above.” Elements of
present day models can be found in these statements. A
pressed down “solid mass of granite” could be interpreted
as subducted continental crust. Inclusions that “sink down”
could refer to peridotites sinking from a mantle wedge into
underlying granitic crust.

This is where matter stood for several decades. It was
not until 30 years later that the igneous origin assumption
was challenged by Gjelsvik (1952) who mapped the WGR
during World War II (and simultaneously fought against
the occupying Germans). He found eclogite facies corona
assemblages around igneous minerals in WGR dolerites
and concluded that eclogites were metamorphic, not
igneous, rocks.

2 | THE DEBATE

Eskola in 1921 lacked the numerous investigative tools we
have today. Since  then geothermobarometers,
geochronometers, kinematic analyses, electron microprobes,
mass spectrometers, and many other tools and techniques
became available. However, the early application of these
new methods seemed to further inflame the
“exotic” debate, which sometimes became quite contentious

“in situ” v.



BRUECKNER

520
J 1 of
—I—Wl | ) A G VIETAMORPHIC GEOLOGY

and resulted in duelling papers published in major journals
like Geology, The Journal of Petrology and Nature (e.g.
Lappin, M.A., Discussion; Krogh, E.J., Reply, 1977).

2.1 | The exotic mantle origin

The “exotic mantle origin” position was heavily influenced
by the garnetiferous assemblages (i.e. the aforementioned
“Rgdhaugen type”) found within some WGR peridotites,
most notably Almklovdalen, and Kalskaret
(Figure 2). As noted, Eskola equated these ultramafic
assemblages with the mafic assemblages (i.e. the external
eclogites) that occur within the gneisses. A very influential
paper by O’Hara and Mercy (1963) emphasized that the
composition and mineralogy of the Kallskaret garnet pyrox-
enite near Tafjord were very close to those of ultramafic
nodules in kimberlites. Kimberlites are of obvious mantle
origin; therefore, the Kallskaret body also had a mantle ori-
gin. Successive publications came to a similar “mantle ori-
gin” conclusions based on thin section petrography,
mineral and whole-rock chemistry, and the early applica-
tion of geothermobarometers. The most reliable techniques
used the partitioning of Mg and Fe between garnet and
clinopyroxene to determine temperature. Pressure was
determined by measuring Al concentrations in orthopyrox-
ene. These techniques resulted in very high temperature
and pressures estimates, as is appropriate if they were
derived from the upper mantle (e.g. 715-847°C, 18-
29 kbar, Carswell, 1986; ~820°C, ~28.1 kbar, Medaris,
1980a, 1980b).

Despite this consensus, there seemed to be an intract-
able problem. The peridotites do not occur within kimber-
lites or similar igneous intrusives, but rather as bodies,
sometimes km-scale masses, directly within crustal, largely
granitic, metamorphic rocks. So how did they move up
from the dense mantle (~3.2 g/cm3) into the less dense
continental crust (~2.7-2.8 g/cm’) to get to their present
position? A sketched cross-section diagram of the Kalskaret
peridotite (O’Hara & Mercy, 1963) shows the banding in
the gneisses folded upward near the peridotite contacts,
looking as if the peridotite had forced itself upwards as it
rose through the crust. “Field relations in the Kalskaret area
(text-figures 5 and 6) suggest, however, that some of the
peridotites were emplaced by more or less vertical move-
ments in narrow zones after the formation of the recumbent
folds.” (O’Hara & Mercy, 1963, p. 258). O’Hara and
Mercy (1963) went on to suggest that external eclogites
were also introduced as a “solid intrusion.” The intrusion
process may have been similar to the “watermelon seed”
mechanism: dense mantle rocks forced upwards by tectonic
pressures (“squeezing”) at depth although in reality no pub-
lication at the time on WGR peridotites and eclogites used
this term as a possible explanation.

those at

Adding to this confusion was a Harvard Ph.D. disserta-
tion (1963) by Harrison “Jack” Schmitt, the future astronaut,
who mapped a very large peridotite—eclogite body (0.4—
1.0 km3) near Eiksunddal (Figure 2). The complex is com-
positionally layered, very similar to Skaergaard and other
layered intrusions, but the rocks are now in the eclogite
facies. These layers include thick zones (up to 10 m) of gar-
net peridotite. Did these peridotite layers indicate intrusion
from the mantle into the crust? Schmitt concluded that the
Eiksunddal body did not intrude as a solid body as proposed
by O’Hara and Mercy (1963), but rather as a magma that
evolved into a highly differentiated pluton and subsequently
was metamorphosed in situ into eclogite facies assemblages
during the Caledonian Orogeny. Schmitt never published his
dissertation but subsequent studies (i.e. Carswell, Harvey, &
Al-Samman, 1983; Jamtveit, 1987) confirmed his conclu-
sions. Ultimately, Carswell et al. (1983) concluded that there
are two actually two compositionally different types of gar-
net “peridotite” in the WGR: the type rich in Fe and Ti, rep-
resented by the FEiksunddal complex and the recently
described Svartberget garnet—peridotite—websterite body
(Vrijmoed, Van Roermund, & Davies, 2006); and the type
rich in Mg and Cr, represented by the Almklovdalen and
Kalskaret bodies. The Fe-Ti type underwent the same meta-
morphic evolution as the external eclogites although their
evolution was complicated by the fact that some have under-
gone extensive metasomatism (see below). In any case, the
arguments listed above for an “exotic” mantle origin should
be restricted to Mg-Cr—rich peridotites.

It is no surprise that Mg-Cr—rich garnet peridotites origi-
nated from the mantle. However, coarse-grained, orthopy-
roxene-bearing eclogites within gneisses (the “Gryting
type” type of Eskola mentioned above) also seemed to give
surprisingly high pressures (30—40 kbar, Lappin & Smith,
1978). These ultrahigh pressure (UHP) estimates led to the
conclusion that these orthopyroxene-bearing assemblages,
and therefore by extension the other external eclogites
within gneisses, formed under conditions that could not be
met in the continental crust, even where crustal thickness is
doubled or even tripled. Therefore, it was argued, they
must have formed in the mantle and were inserted into the
crust tectonically along with the garnet peridotites (Lappin
& Smith, 1978).

Another argument for a mantle origin for external eclog-
ites was the apparent disequilibrium between their eclogite
facies assemblages and those of the gneisses that enclose
them. The gneisses usually contain mineral assemblages
characteristic of the amphibolite facies (and locally the
granulite facies). They give P-T estimates of 10-15 kbar
and 600-700°C, conditions that can be met in thickened
continental crust, but are not high enough to account for
the >30 kbar, >1200°C estimates for Gryting-type eclog-
ites. These high-P estimates were further re-enforced when
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the high-P polymorph of SiO,, coesite, was discovered not
only in Gryting-type eclogites (Smith, 1984), but in other
external eclogites as well. Coesite requires pressures of 25—
30 kbar (80-100 km depth) at temperatures between 600
and 800°C and so, it was argued, must have formed at
mantle depths. Importantly, coesite was described initially
as within eclogites only, not in the host gneisses and so
seemed to confirm the apparent disequilibrium between
eclogites and the host country rocks.

Other arguments for a mantle origin were less persua-
sive. Layering in the gneisses is locally discordant to eclog-
ites (Bryhni, Green, Heier, & Fyfe, 1970), which tend to
occur as boudins, and also as more angular blocks. These
discordant relationships could attest to some sort of solid
introduction into the gneisses, but, as noted by Bryhni
et al. (1970), they could also reflect different behaviour
between ductile gneisses and rigid eclogites.

2.2 | The “in situ” origin

The arguments for an in situ origin were equally com-
pelling, but only when applied to external eclogites. As
noted above, Gjelsvik (1952) had observed that coarse-
grained gabbros with clear igneous textures contained
eclogite facies corona assemblages around primary igneous
minerals. Subsequent studies by Mgrk (1985) confirmed
Gjelsvik’s observation and provided more details on the
partial transition of igneous protoliths to eclogites. Other
studies (e.g. Krogh, 1982) showed that many eclogites con-
tain garnet with lower pressure (amphibolite facies) mineral
inclusions in the cores (e.g. amphibole and plagioclase)
and eclogite facies minerals in or next to their rims (e.g.
omphacite and rutile). Electron microprobe scans across
mineral grains showed similar evidence of increasing pres-
sures and temperatures during metamorphism, usually an
increase in Mg and decrease in Fe from core to rim in gar-
net (Bryhni & Griffin, 1971). Pressures and temperatures
estimated from grain rims generally gave lower values (23—
30 kbar, 550-740°C) than those calculated from garnet
peridotites and the Gryting-type eclogites (see Cuthbert,
Carswell, Krogh-Ravna, & Wain, 2000; for review). This
led some to argue (e.g. Carswell, Krogh, & Griffin, 1985)
that the much higher pressures estimated for eclogites of the
Gryting type were flawed. In fact they were not flawed, the
pressure estimates were essentially correct (temperatures,
however, were too high). Gryting-type eclogites (including
the Svartberget eclogite) occur within three antiforms
(Figure 2), which expose UHP (i.e. coesite- and/or microdi-
amond-bearing) eclogites in their cores, and lower pressure
eclogites along their limbs (Hacker et al., 2010). The appar-
ent discrepancy between high and ultrahigh pressure (HP/
UHP) estimates for different eclogites turns out to have a
structural explanation.
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A major breakthrough occurred when eclogite geother-
mobarometry on a regional scale showed increasing tem-
perature and pressure from SE to NW across the WGR
indicating increasing burial to the NW (Krogh, 1977). This
trend is somewhat obscured by the three east-trending anti-
forms with UHP assemblages in the cores (Figure 2), but
overall is confirmed by recent studies (Hacker et al., 2010).
This observation led to the suggestion that the WGR had
been subducted deep into the earth with the NW corner
subducted to the deepest level. Krogh believed subduction
occurred during the Precambrian, reflecting a commonly
held assumption in the 1960s and 1970s that the eclogites
formed during a Precambrian recrystallization event (see
below).

Sporadic occurrences of omphacite and other evidence
of HP/UHP metamorphism in felsic gneisses were discov-
ered and used to further support arguments that the eclogites
and enclosing gneisses recrystallized under the same eclog-
ite facies conditions (Cuthbert & Carswell, 1982; Krogh,
1980, 1982; Mysen & Heier, 1972). These occurrences
were consistent with similar discoveries in high-P terranes
within the Alps (Compagnoni, 1977) and Scotland (Sanders,
1979). Ultimately, coesite (Wain, 1997) and microdiamond
(Dobrzhinetskaya et al., 1995) were found within gneisses
enclosing the eclogites, thus finally dispelling the purported
disequilibrium between eclogite and host gneiss.

Another breakthrough came when published Sm-Nd
garnet—clinopyroxene ages indicated that eclogite facies
recrystallization occurred during the Scandian orogeny
(c. 430400 Ma, Griffin & Brueckner, 1980; Mgrk &
Mearns, 1986), the same event that recrystallized the
enclosing country rocks. This result was met with initial
scepticism since eclogite formation was widely regarded as
a Precambrian event. However, subsequent dating by other
decay schemes (U-Pb zircon, rutile and monazite ages, and
Lu—Hf mineral ages) confirmed this Scandian origin (see
review in Kylander-Clark, Hacker, Johnson, Beard, & Mah-
len, 2009). A picture emerged where the WGR was sub-
ducted deep into the Earth during a collision between
Baltica and Laurentia which produced the necessary
pressures and temperatures to generate eclogite facies
assemblages.

3 | INTERNATIONAL ECLOGITE
CONFERENCES

A major contribution to the understanding of eclogites, gar-
net peridotites, and related rocks was the organization of
International Eclogite Conferences. The first was organized
by David Smith and held in Clermont-Ferrand, France in
September, 1982 (https://www.e—periodica.ch/digbib/view?
pid=smp-001:1981:61::402#179). These conferences met
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every four years initially, separated by Eclogite Field Sym-
posia. Now the conferences and symposia are merged and
meet every two years. They are usually preceded and fol-
lowed by field trips to HP/UHP terranes near the meeting
site. In between are three or four days where an interna-
tional cast of scientists present talks on a variety of topics,
mostly centred on HP/UHP metamorphism and related sub-
jects. Most meetings resulted in a special publication fea-
turing subjects presented at each meeting. The cross-
fertilization provided by this mechanism proved invaluable
for starting the process that ultimately resolved the in situ
v. exotic origin debate in the WGR, which was raging
when the first meeting occurred and which led to some
uncomfortable confrontations during the meeting. Notwith-
standing these moments, advances in understanding HP/
UHP processes in one terrane could be applied to other ter-
ranes. For example, the first conference had a field trip to
the Sesia Lanzo zone in the Alps where it was shown that
high-P minerals occur in both eclogites and in the sur-
rounding crustal rocks (Compagnoni, 1977).

4 | RESOLUTION

The in situ origin for external eclogites appears compelling
today, but it failed to explain the presence of mantle-
derived garnet peridotites in the WGR. As studies of these
peridotites continued, it became clear that they had an
entirely different history than the eclogites in the gneisses.
Geochronological investigations indicated that the garnetif-
erous assemblages within these peridotites formed during

_.

the Proterozoic, well before the Scandian orogeny (Mearns,
1986). P-T investigations showed that the garnet peri-
dotites and garnet pyroxenites originally recrystallized at
mantle pressures, but subsequently underwent an evolution
towards lower pressures and temperatures (Carswell, 1986;
Medaris, 1980a), which contrasted with the evolution
towards higher pressures and temperatures shown by the
eclogites. Ultimately Medaris (1980b) proposed a conver-
gent evolution during the Scandian orogeny with external
eclogites showing a prograde evolution and garnet peri-
dotites and pyroxenites showing a retrograde evolution
towards a common pressure and temperature.

The subduction of continental crust into the mantle can
explain this convergence and is favoured by most (but not
all) investigators today (Figure 3). According to the model,
the Scandian orogeny occurred when the western margin of
Baltica subducted beneath Laurentia to the great depths
required for mafic igneous rocks to recrystallize into (exter-
nal) eclogite through prograde metamorphism, even to the
UHP conditions required to form Gryting and Svartberget
type eclogites. Subduction to these depths also resulted in a
wedge of Proterozoic or older lithospheric mantle above
the subducted Baltic crust (Andersen, Jamtveit, Dewey, &
Swensson, 1991). This geometry allowed fragments of that
mantle wedge to entrain downward (or laterally) into sub-
ducted Baltica (Brueckner, 1998) thus resolving the issue
of how the peridotites were inserted into continental crust.
Lateral or downward emplacement of dense mantle into
less dense crust is buoyantly permissible. Ultimately, Bal-
tica reversed itself and exhumed towards the surface, carry-
ing its cargo of eclogites and garnetiferoius peridotites

..l Baltica .t

FIGURE 3 Schematic diagram
showing the Baltic continental margin
subducted beneath Laurentia illustrating
how this mechanism generates the
necessary P-T conditions for eclogite facies

metamorphism while simultaneously
resulting in a mantle wedge that is a
plausible source for introducing garnet
peridotites and pyroxenites into the
subducted continental crust. Modified from

Brueckner (1998)
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towards the core of the Norwegian Caledonides (Hacker
et al., 2010). The garnet peridotites presumably developed
their retrograde core to rim patterns after they were inserted
into the crust and carried upward.

5 | OBSTACLES

A major stumbling block to understanding eclogite parage-
nesis was the assumption in the 1960s and 1970s that
eclogites could only form in “dry” environments where
Piota1 >> Pu,0. This assumption made it difficult to believe
that eclogites could recrystallize within a relatively hydrous
continental crust. A very influential paper on the genesis of
basalts by Yoder and Tilley (1962) supported this assump-
tion where it stated “Eclogite itself is not stable in the pres-
ence of water and gives place to amphibolite or pyroxene
hornblendite.” Indeed, most eclogites have amphibolitized
margins that contrast with the largely anhydrous eclogite
facies minerals in the eclogite core. These margins and the
enclosing amphibolite facies gneisses clearly recrystallized
in the presence of water. At the time, finding a mechanism
for generating an anhydrous core in an overall water-rich
environment was daunting, so it was easier for some to
assume the eclogites were derived from a presumably
anhydrous mantle and then inserted into the crust. How-
ever, the anhydrous mantle model failed to explain mea-
sured ®’Sr/*®Sr isotope ratios of clinopyroxene separated
from some types of “external” eclogites, particularly from
Eskola’s “pegmatitic” Gryting type, which gave high (crus-
tal) values (0.707 and 0.715, Brueckner, 1977). These high
values contrasted with extremely low, but typical mantle
values, for clinopyroxene separated from peridotites and
pyroxenites (0.702-0.703, Brueckner, 1977). The striking
coarse-grained nature of the Gryting-type eclogites also
suggested recrystallization in the presence of a fluid.

The required presence of fluids for eclogite recrystalliza-
tion was finally demonstrated when Hakon Austrheim
(1987) described a thin shear zone full of eclogite facies
minerals enclosed in the anhydrous (granulite facies) rocks
of the Lindas Nappe, an allochthon adjacent to the WGR.
The shear zone contains eclogite facies assemblages includ-
ing hydrous phases such as phengite. The message was
clear; “dry” granulite facies rocks placed under HP/UHP
conditions did not recrystallize into eclogite facies miner-
alogies, while the rocks of the shear zone did. The intro-
duction of water along the shear was required to nucleate
the formation of eclogite facies minerals (shearing probably
played a role as well). This solved the Sr dilemma noted
above. Subsequent work on Gryting-type eclogites through-
out the WGR has shown that water-soluble components
(K, Ca, P, Si, even C) were introduced from the gneisses
into the eclogites along with water (Vrijmoed et al., 2006).

523
J 1of
METAMORPHIC GEOLOGY WILEY

These fluids were presumably generated through the dehy-
dration reactions of hydrous minerals within the surround-
ing gneisses, particularly phengite (Griffin, 1987). The
introduction of these C-rich fluids at very high pressures
into the eclogites and peridotites of the NW corner of the
WGR resulted in the formation of microdiamond during
Scandian subduction (Brueckner, Carswell, & Griffin,
2002; Scambelluri, Pettke, & van Roermund, 2008; Van
Roermund, Carswell, Drury, & Heijboer, 2002).

Another key impediment was the lack of trustworthy
radiometric ages from the eclogites in the 1960s and
1970s. The host gneisses of the WGR gave Rb—Sr whole-
rock ages that were Precambrian, but minerals within the
gneisses gave Caledonian (Scandian) Rb—Sr and K—Ar ages
(c. 405 Ma, e.g. Brueckner, 1972). Did the Caledonian
mineral ages simply reflect a weak thermal overprint on
rocks that were intensively deformed during the Protero-
zoic? Was “Caledonization” weak or intense? Unfoliated
granitoids that cross-cut what appeared to be the regional
schistosity gave Proterozoic Rb-Sr whole-rock ages
(Brueckner, 1972) suggesting Caledonization was weak
and, by implication, that the eclogites formed during the
Precambrian. However, more recent work has demonstrated
that Scandian deformation and recrystallization, i.e. “Cale-
donization,” was extremely heterogeneous in the WGR
(Labrousse, Jolivet, Agard, Hébert, & Andersen, 2002).
Eclogites are largely confined to thick Scandian shear
zones, which separate thick lithotectonic units with weak
or non-existent Caledonian fabrics (Young, 2017). These
lithotectonic units retain Proterozoic metamorphic facies,
structures and fabrics, including the unfoliated granites that
gave the misleading Proterozoic ages.

In addition, determining the age of eclogite rcrystalliza-
tion directly from eclogites proved difficult during the early
days of the debate. Eclogite minerals, with the notable
exception of phengite (which was not initially recognized
as a high-P mineral), are K-poor and early attempts at dat-
ing these minerals by K—Ar tended to result in pre-Caledo-
nian ages, almost certainly the result of inherited excess Ar
(Lux, 1985; McDougall & Green, 1964). Furthermore,
K- (and Rb-) bearing minerals that did generate c. 405 Ma
K—Ar and Rb-Sr ages, such as amphibole and biotite, were
clearly secondary, so the assumption that eclogite recrystal-
lization was a Precambrian event continued to be held by
many geologists. Largely overlooked was a Scandian U-Pb
age determined from zircon separated from an eclogite pub-
lished by Krogh, Mysen, and Davis (1974). Unfortunately,
the age was published in a Carnegie Institute yearbook that
was not widely distributed among geologists. It was not
until 1980 when Sm—Nd mineral isochrons from external
eclogites gave relatively consistent Scandian ages (Griffin
& Brueckner, 1980) that opinion gradually shifted from a
Precambrian to a Caledonian origin for eclogite formation.
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Eskola’s assumption of a common origin for external
eclogites and garnet peridotites and pyroxenites continued
to delay a resolution of the in situ v. exotic origin of exter-
nal eclogites. This issue came to a head when abstracts
were presented at the annual American Geophysical Union
meeting in Toronto in 1980. One abstract (Brueckner &
Griffin, 1980) presented the Caledonian ages from external
eclogites mentioned above. Another abstract (Jacobsen &
Wasserburg, 1980) presented a Proterozoic age determined
from a garnet pyroxenite. This apparent contradiction
resulted in the cancellation of the oral presentation of the
Proterozoic age. But all ages were correct! As already
noted, ultramafic garnetiferous assemblages had a com-
pletely different history than the external eclogites. Sm—Nd
and Lu-Hf results from garnet peridotites/pyroxenites
invariably give Proterozoic ages (reviewed in Brueckner
et al., 2010) except in the northwest corner of the WGR
where, locally, third-generation garnet gives Scandian ages
(Spengler, Brueckner, van Roermund, Drury, & Mason,
2009). The Proterozoic ages confirmed what many sus-
pected based on the contrasting peak P-T calculations, con-
trasting core to rim variations in Mg and Fe, and
contrasting isotopic values discussed above. Ultimately it
became clear that garnet peridotites and pyroxenites and
eclogites underwent completely different early histories,
which converged during the Scandian orogeny, but it took
time for this revelation to fully sink in.

Perhaps the most significant hindrance to the deep sub-
duction model was the assumption that only oceanic litho-
sphere could be subducted into the mantle, not “buoyant”
continental crust. This was a keystone assumption of early
Plate Tectonic theory and is still maintained by some text-
books today. A major goal of Earth scientists should be
to rid the literature of this assumption. Because of it, early
collision models for the Caledonides published as recently
as the 1980s show or suggest (correctly) underthrusting of
one continental margin beneath another (Cuthbert, Harvey,
& Carswell, 1983; Jamtveit, 1987; Krogh, 1977). But they
do not show the margins penetrating into the mantle. Sub-
duction models showing mantle wedges above subducted
continental crust were, however, published to explain
Alpine orogenies (Butler, 1986; Platt, 1986; Wheeler,
1991) and in 1995, Chemenda published a highly persua-
sive subduction and eduction analogue experiment using
waxes and other materials that convinced many of us to
consider the idea that continental crust could subduct into
and exit from the mantle. In the end, no single discovery
led to acceptance of continental subduction. Instead, it
gained general (but not universal) acceptance because of
its geometric simplicity and plausibility. The pull exerted
by subducting oceanic lithosphere should result in at least
some subduction of the attached continental lithosphere,
particularly where the continental crust on top of this

lithosphere is thin and forms a small percentage of its
total thickness and mass. It is an elegant mechanism that
explains both HP/UHP metamorphism of continental crust
and the fragments into it
(Figure 3).

Ultimately, Andersen et al. (1991) published a collision
model for the Scandian orogeny showing Baltica deeply
subducted into the mantle beneath Greenland with a Lau-
rentian mantle wedge above it. We now accept that conti-
nental crust can subduct to depths of at least 150 km, and
probably more (Liou, Ernst, Zhang, Tsujimori, & Jahn,
2009). However, unlike oceanic crust, it is too buoyant to
remain in the mantle and so some (many? all?) return
towards the surface to form HP/UHP terranes in mountain
systems. Other subducted continental fragments may stall
in the mantle, heat up and return as melts to underplate
continents or to form late orogenic or post-orogenic gran-
ites (Brueckner, 2009; Hacker, Kelemen, & Behn, 2011).

introduction of mantle

6 | CONCLUSION

Accepting ideas that previously were rejected (i.e. accept-
ing UHP estimates, the presence of fluids, the probability
of continental subduction, etc.) took off our blindfolds and
let us view the WGR eclogites and peridotites holistically
rather than along specialized perspectives, which ultimately
led to a reasonable consensus. We finally could visualize
the general outlines of the elephant. This consensus accepts
that the Mg—Cr garnet peridotites of the WGR were indeed
derived from the mantle, demonstrating an “exotic mantle”
origin while the external eclogites recrystallized in the
crust, supporting the “in situ” model. Ironically, however,
eclogite recrystallization occurred in the crust as a result of
that crust being deep within the upper mantle. Equally iro-
nic is that garnet peridotites did indeed invade continental
crust from the mantle, but not by rising upward, but rather
by moving laterally or downward into the underlying crust
and then being carried passively upward as the crust re-
emerged from the mantle. A recent twist is that diamond
formed within some peridotites, but not as is normal when
the peridotites were part of an ancient mantle, but later,
within the subducting Baltic crust, which contaminated the
peridotites with carbon-bearing fluids as the peridotites
were carried passively deeper into the diamond stability
field (Scambelluri et al., 2008; Spengler et al., 2009; Van
Roermund et al., 2002). Thus, this late generation (Scan-
dian) diamond formed under unusual and transient condi-
tions, in an environment of mantle within crust within
mantle.

The study of the WGR and its cargo of eclogites and
garnet peridotites is far from over. Many of its puzzling
features and contradictions remain, but they will gradually
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be resolved as our blindfolds fall away and more of this
enigmatic terrane is revealed.
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