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Intermediate depth earthquakes and high grade metamorphism 
 

1Austrheim, H. 
 
1Physics of Geological Processes, Department of Geosciences, University of Oslo, P.O.Box 1048 Blindern, N-
0316 Oslo, Norway 

 
Earthquakes riddle the Earth’s lithosphere with fractures and faults on all scales and have 
significant effects on its petrological and structural evolution. We document here through 
structures and micro textures how eclogite and amphibolite facies metamorphism is induced 
through seismic faulting in granulites of the Bergen Arcs, Western Norway. Metamorphism in 
the wall rock is enhanced through massive formation of dislocations and fragmentation of wall 
rock minerals interpreted to have developed during the seismic loading (Austrheim et al. 
2107). Numerous inclusion including omphacite, amphibole and sulfides in the damaged 
granulite facies garnet is a consequent of seismic event and may have formed during the 
dilatational stage. The wall rock and the pseudotachylyte contains abundant hydrous minerals 
and carbonates documenting fluid transport during the seismic period which was essential to a 
convert the “dry” granulite facies lower crust to hydrous eclogites and amphibolites.  
The classical eclogites facies shear zones of the Bergen Arcs (Austrheim and Griffin 1985) 
locally nucleated on the pseudotachylytes implying that the earthquakes not only was a 
precursor to the ductile deformation of the area, but also that intermediate depth earthquakes 
influence the structural evolution of the lower crust. 
The coupling of seismology and metamorphic petrology represent a new exiting 
interdisciplinary research avenue with a number of unsolved problems such as: How do we 
recognize paleo seismicity in an eclogite? Can UPH minerals stabilize along a propagating 
seismic fault? In which way are intermediate depth earthquakes connected to ongoing 
metamorphism and how can we apply this in our understanding of tectonic processes? The 
need of metamorphic petrology in this research is obvious. 
 
Austrheim, H. and Griffin, W.L. (1985). Shear deformation and eclogite formation within granulite-facies 

anorthosites of the Bergen Arcs, western Norway. Chemical Geology 50, 267-281 
Austrheim, H., Dunkel, K., Plumper, O., Ildefonse, B. Liu, Y. and Jamtveit, B. (2017). Crystal-plastic 

fragmentation of wall rock garnets during deep crustal earthquakes. Science Advance 3: doi:10.1126/sciadv 
16202067 
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Geochemical kinetics and the geodynamics of (U)HP terranes 
 

1Baldwin, S.L., 2Malusà, M.G., 1Fitzgerald, P.G. 
 
1Department of Earth Sciences, Syracuse University, 204 Heroy Geology Laboratory, Syracuse NY 13215 USA 
2Department of Earth and Environmental Sciences, University of Milano-Bicocca, Piazza della Scienza 4, I-20126 
Milan, Italy 
 
High and ultrahigh pressure (U)HP terranes originate from protoliths representing a wide range 
of bulk compositions. Rocks and minerals within these terranes preserve a record of physical-
chemical changes, as they are transported to mantle depths and returned to the surface. 
Protoliths within the subduction zone interface (re)crystallize throughout their evolution, to 
form metamorphic mineral assemblages that rarely completely equilibrate. (U)HP terranes 
evolve within subduction zones where geothermal gradients are seldom steady state. Plate 
boundaries cannot be assumed to be stationary, as they often retreat or advance. If relative 
plate motions are non-orthogonal, the net rotational component of microplates may facilitate 
rapid exhumation. Although (U)HP mineral assemblages form by processes operative at depths 
in the Earth that are not directly observable, their origin and complex thermal and geodynamic 
evolution can be deduced using thermobarometry, thermochronology, structural geology, 
geochemistry, and numerical modeling. In addition, inverse modeling of thermochronologic 
data has been used to obtain continuous thermal histories, and to constrain plate 
reconstructions and geodynamic models.  
Through careful selection of minerals and assemblages in lithologies representing a range of 
bulk compositions, (U)HP terrane P-T-t-D histories can be reconstructed. Application of 
thermodynamics has been used to understand the equilibrium state associated with (U)HP 
petrogenesis, whereas geochemical kinetics investigates intercompositional variations within 
mineral assemblages, as well as intracrystalline elemental distributions within minerals to 
reveal nucleation and growth rates. The availability of aqueous fluids enhances reaction rates, 
triggering new mineral growth and recrystallization of protoliths. Complete to partial resetting 
of isotopic systematics within minerals occurs as (re)crystallization proceeds. Reactions used 
to quantify metamorphic pressures and temperatures typically occur diachronously, and 
radiometric dating techniques can be applied to minerals to understand the timing and rates 
associated with subduction zone processes. Thermochronology utilizes a kinetic approach to 
reveal the timescales and rates of subduction, metamorphism, and exhumation processes in 
(U)HP terranes. The kinetics of radiogenic daughter isotopes varies as a function of mineral 
and thermochronologic technique. Therefore, interpretation of apparent ages determined on 
cogenetic minerals, each with different activation energies, is challenging because the concept 
of closure temperatures is often invalidated (e.g., due to incomplete resetting of isotopic 
systematics during prograde metamorphism, and/or partial resetting during retrograde 
metamorphism/exhumation). Hydrous phases, such as white micas, may partially to completely 
recrystallize, and provide argon data that can be interpreted with respect to protolith ages, the 
timing of prograde, (U)HP and retrograde metamorphism, as well as exhumation. Accessory 
phases have been especially useful for linking isotopic ages to petrogenesis using trace element 
thermobarometry. Field, macrostructural and microstructural analysis provide the structural 
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context required to add deformational constraints and to correlate mineral assemblages from 
different outcrops.  
The Late Miocene to Recent (U)HP terrane of eastern Papua New Guinea, a modern analogue 
for (U)HP terranes, will be used to illustrate the spatial and temporal scales of equilibrium and 
disequilibrium processes, and the interpretation of isotopic and petrologic data sets to 
understand the geodynamic evolution of subduction zone forearcs. There, U-Pb zircon ages 
from the only documented coesite eclogite provide the timing of UHP metamorphism. These 
U-Pb zircon ages are concordant with cogenetic Lu-Hf garnet isochron and phengite 40Ar/39Ar 
apparent ages. However, the majority of U-Pb zircon data is interpreted as protolith ages, or 
the timing of metamorphic zircon growth during retrogresion and exhumation, with intragrain 
geochemical heterogeneities documenting chemical disequilibrium during zircon growth. Low 
temperature thermochronology constrains the timing of (U)HP rock exhumation from 
relatively shallow crustal levels, as compared to the depths at which the (U)HP rocks formed. 
40Ar/39Ar feldspar and apatite fission track apparent ages and modeling of kinetic data reveal 
thermal histories of rocks as they are exhumed above the brittle-ductile transition zone, 
including the timing and extent of possible thermal resetting during exhumation. The segment 
of pressure-temperature-time-deformation (P-T-t-D) rock paths, relevant for the interpretation 
of low-temperature thermochronologic data, corresponds to the lower greenschist facies, 
prehnite-pumpellyite, and zeolite facies, and includes diagenesis.  
The timing of final exhumation of (U)HP rocks to the surface, and mechanisms (e.g., via 
normal faulting and/or erosion), is constrained by fission track age and track length 
distributions. The time lag between (U)HP metamorphism and exhumation is used to 
determine whether or not final exhumation is related to the same subduction cycle that formed 
the (U)HP terranes. Preservation of (U)HP mineral assemblages is possible during slow, 
synsubduction exhumation (0.1–1.0 mm/yr) associated with steady-state subduction. However, 
the highest exhumation rates (cm/yr) are inferred from integrated P-T-t studies of Cenozoic 
(U)HP terranes (e.g., Dora Maira and eastern Papua New Guinea) where rock exhumation from 
(U)HP depths to the surface occurred at plate tectonic rates. Future coupled kinetic and 
dynamic studies of (U)HP terranes are needed to determine the flux of recycled materials, 
including volatiles, within subduction zone forearcs, as well as to better understand the history 
of subduction on Earth. 
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The Great Eclogite Debate of the Western Gneiss Region, Norwegian Caledonides: the in 
situ crustal versus exotic mantle origin controversy 

 
1Brueckner, H.K. 

 
1Lamont–Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA 
 
An entertaining debate arose in the latter half of the 20th century among earth scientists who 
worked on the spectacular eclogite-facies rocks of the Western Gneiss Region (WGR) of the 
Norwegian Caledonides. This debate would not be resolved until a fundamental dictum of 
early Plate Tectonic Theory was abandoned. There were two end member positions during this 
debate. One was that all high pressure/ultrahigh pressure (HP/UHP) garnetiferous assemblages, 
regardless of association, had an exotic mantle origin, where the rocks recrystallized at 
extremely high pressures and temperatures deep in the mantle and then were tectonically 
inserted upward into their present position in the crust. The other was the in situ or crustal 
origin where eclogite assemblages recrystallized where they are today, within the enclosing 
gneisses and metasediments during regional metamorphism. This debate was sometimes 
contentious and resulted in contesting papers published in major journals like Geology, Nature 
and the Journal of Petrology. We know today that both positions were correct in some respects, 
but wrong in others, reminiscent of the poem by John Godfrey Saxe (19th century), based on an 
ancient Hindu parable, where unsighted persons touch different parts of an elephant and come 
up with incorrect versions of what it is. 
A problem for some was an initial assumption that all eclogite facies rocks, regardless of 
composition and association, had a common origin. This error was partly the result of Eskola’s 
influential publication “On the Eclogites of Norway” (1921), where he described both mafic 
eclogites and ultramafic garnetiferous rocks and concluded that they, the surrounding gneisses 
and the associated anorthosites had a common igneous origin as magmatic differentiates that 
crystallized at extremely high pressures and were “brought up from great depths”. Even though 
subsequent studies recognized that “external eclogites” (boudins and other bodies that occur 
directly within gneisses) were metamorphic rocks, there remained a tendency to assume they 
had a shared history with the garnetiferous assemblages that occur within the large peridotite 
bodies that dot the WGR. Complicating matters further, not all external eclogites are mafic; 
some are ultramafic, and not all garnetiferous assemblages within peridotites are ultramafic; 
some are mafic (“internal eclogites”).  
The mineralogy and ultramafic compositions of garnet peridotites and pyroxenites are similar 
to those of ultramafic xenoliths in kimberlites of obvious mantle origin. Early 
thermobarometry gave pressures and temperatures (30-40 kbar, 1,100-1,600°) that could be 
met only at upper mantle depths. These observations led to the conclusion that the peridotites 
were foreign fragments, though a plausible mechanism for introducing them from the mantle 
into the crust remained elusive. Some extended this conclusion to external eclogites, 
particularly coarse-grained orthopyroxene-bearing eclogites, which also gave extremely high 
pressures of recrystallization. The subsequent discoveries of coesite in eclogite and 
microdiamonds in peridotite further supported an origin at mantle depths. Another argument 
for a mantle origin was the apparent disequilibrium between HP/UHP eclogites and the largely 
amphibolite facies gneisses that enclose them (P-T ≈ 10-15 kbar, 600-700°C). A problem with 
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a crustal origin was the accepted assumption at the time that eclogites, particularly those 
lacking hydrous phases, could form only in “dry” environments where PH2O<< Ptotal, which 
clearly did not apply to the surrounding biotite-amphibole (i.e. “wet”) gneisses. Finally, there 
was the issue of how such HP/UHP conditions could be generated in continental crust, even if 
30km crust was doubled or even tripled in thickness. 
The arguments for an in situ origin focused primarily on the petrography of external eclogites. 
Thin sections showed garnet cores containing amphibolite facies minerals (plagioclase, 
epidote, amphibole) and rims containing eclogite facies inclusions (rutile, omphacite, kyanite). 
Similarly, chemical compositions change from mineral cores to rims, consistent with 
increasing pressure and temperature (i.e. increasing MgO/FeO in garnet, decreasing Al2O3 in 
orthopyroxene). These trends reverse at the rims of some eclogite minerals indicating 
subsequent decompression. The prograde compositional trends are absent in garnet 
peridotite/pyroxenite minerals but they do record a similar decompression history. It was also 
argued that the extremely high pressures obtained by geobarometry of pegmatitic 
orthopyroxene eclogites were flawed. Finally, thermobarometry on a regional scale showed 
increasing temperature and pressure from SE to NW across the WGR indicating increasing 
depths of recrystallization to the NW. 
A major breakthrough occurred when petrological studies showed that eclogites and garnet 
peridotites/pyroxenites had completely different early histories followed by similar 
(“convergent”) decompression histories. Sm-Nd mineral isochrons confirmed these 
differences: external eclogites gave consistent Scandian (425-400 Ma) ages whereas garnet 
peridotites/pyroxenites gave scattered, but always, Proterozoic ages. Subsequent Lu-Hf 
mineral and U-Pb zircon dates verified these age differences. Further confirmation was given 
by geochemical studies that showed crustal contamination of eclogites, but not of garnet 
peridotites/pyroxenites. Finally, HP/UHP relict assemblages as well as coesite and 
microdiamonds, were found in the gneisses enclosing the external eclogites, proving they too 
recrystallized under HP/UHP conditions.  
Plate Tectonic theory at the time was an impediment to resolving the controversy. It was 
widely accepted that while basaltic oceanic crust could plunge deep into the mantle, 
continental crust could not because of its greater buoyancy (some earth science textbooks 
retain this misconception). Discarding this assumption and accepting instead that continental 
crust could subduct into the mantle, at least temporarily, resolved the contradictions revealed 
through the “Great Debate”. This shift led to most present day models for the WGR and other 
HP/UHP terranes where continental crust subducts to eclogite-facies depths while 
simultaneously peridotite masses sink into the crust from the overlying mantle wedge.  
Thus the garnet peridotites/pyroxenites of the WGR were indeed derived from the mantle, 
demonstrating an “exotic mantle” origin while the eclogites recyrstallized in the crust, 
supporting the “in situ” model. However, the eclogites recrystallized in the crust while that 
crust was deep in the upper mantle. Likewise, garnet peridotites did indeed invade continental 
crust as solid bodies, but by sinking downward into the subducted crust rather than rising 
upward. In many respects the debate follows the “thesis-antithesis-synthesis” progression 
attributed to Hegel (originally promulgated by Johann Fichte). The “Great Debate” was fierce 
at times, but it ultimately led to the modern understanding that continental subduction is a vital 
part of mountain building.  
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The Tectonic Framework of the Scandinavian Caledonides and HP/UHP metamorphism 
 

1Gee, D.G. 
 

1Department of Earth Sciences, Uppsala University, Villavägen 16, 75236 Uppsala, Sweden.  
 
The Caledonide Orogen in Scandinavia, formed by the collision of continents Baltica and 
Laurentia in the mid Palaeozoic, is remarkable for its evidence of very long transport of 
allochthons. Cenozoic uplift of the continental margins of the North Atlantic Ocean, resulted in 
today´s Scandian mountain range and the preservation of well exposed Caledonian basement-
cover relationships across the whole orogen (300 km wide in central parts). Mapping led to in 
the recognition of a large number of thrust-sheets that can be readily grouped into four main 
assemblages; they can be followed for most of the 1700 km length of the mountain belt and are 
referred to as the Lower, Middle, Upper and Uppermost allochthons (Fig. 1). From base 
upwards, they are inferred to be derived from the Baltoscandian inner and outer margins, the 
Iapetus Ocean and the Laurentian continental margin. Mapping of the central Scandes provides 
compelling evidence that the ocean-derived terranes were transported at least 500 km from 
outboard of Baltica onto the Baltoscandian platform. 
The Lower Allochthon comprises sedimentary successions related to Cryogenian (locally 
Tonian) rifting, Ediacaran-Cambrian drifting and Ordovician-Silurian foreland basin 
deposition. These thrust-sheets, with unambiguous affinities to the Baltoscandian platform of 
Baltica, are sediment-dominated in the foreland; towards the hinterland, they increasingly 
incorporate basement-derived components. The Middle Allochthon, in lower parts, is 
dominated by more ductilely deformed and mylonitic basement-derived crystalline rocks and 
Neoproterozoic sandstones, overthrust by similar metasediments that are intruded by dolerite 
dyke-swarms of early Ediacarn age (c. 600 Ma). These greenschist facies thrust-sheets pass 
upwards with increasing ductility of deformation into isoclinally folded metasediments (mostly 
psammites; also pelites and marbles) and amphibolitized dolerites and basalts, with some 
associated gabbros and occasional peridotites; metamorphic grade increases upwards to high 
and ultra-high pressures, comprising the footwall to the overlying Upper Allochthon. The 
latter, of Iapetus Ocean affinities, includes fragmented ophiolites at the base and near the top, 
the latter being overlain by sediments with North American (Laurentian) faunas; fore-and 
back-arc volcano-sedimentary rocks dominate the central parts. The Uppermost thrust-sheets 
are similar in composition to those in the highest nappes of the northeast Greenland 
Caledonides, including widespread intrusion by late Ordovician to early Silurian granites. 
UHP/HP metamorphism in the Scandinavian Caledonides, identified on the basis of 
characteristic mineralogies in eclogites and garnet peridotites and the presence of 
microdiamonds in paragneisses, has been recognized at three main levels in the 
tectonostratigraphy: in northernmost parts of the Uppermost Allochthon (Tromsö Nappe 
Complex); in the uppermost parts of the Middle Allochthon (Seve Nappe Complex); and in the 
deepest structural levels of the hinterland of the orogen (e.g. Western Gneiss Region) in the 
Lower and Middle allochthons. In both the Uppermost and Middle allochthons, there are 
abundant isotope-age data defining Ordovician subduction-related continent-arc accretionary 
processes during closure of the Iapetus Ocean. The following Scandian (Siluro-Devonian)  
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collision, with underthrusting of Laurentia by Baltica, resulted in substantial out-of-sequence 
thrusting within the nappe pile. In the deep hinterland, the high pressure metamorphism is of 
late Silurian to early Devonian age (intercalations of Middle Allochthon may preserve the 
previous Ordovician history). Comparison of the Scandian and Himalayan orogens suggests 
that terminal Scandian collision would have doubled (perhaps trebled) the crustal thickness, 
but may not have reached UHP conditions in the upper part of the Baltoscandian basement 
during the underthrusting of Laurentia.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Tectonostratigraphic map of the Scandinavian Caledonides, with inferred 
provenance of the major tectonic units. Localities for the HP/UHP occurrences are 
indicated. (b) Schematic, composite profile (vertical exaggeration x10) across central 
Scandinavian Caledonides (Klonowska et al. 2017). 
 
Klonowska et al. (2017) J. Metamorph. Geol., 35: 541–564.  
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Peridotites and eclogites in the SCLM: The evolution of an understanding 
 

1Griffin, W.L., 1O’Reilly, S. Y. 
 
1ARC Centre of Excellence for Core to Crust Fluid Systems, Macquarie University, NSW 2109, Australia 
 
The subcontinental lithospheric mantle SCLM) is the layer of relatively depleted ultramafic 
rocks that underlies the continental crust. It is thick (up to 250-300 km) beneath cratons, and 
much thinner off-craton (to nearly zero beneath extended rift zones). By the late 1960s-early 
1970s many petrologists began to believe that the composition of the cratonic SCLM could be 
approximated by the abundant (and beautiful) garnet lherzolite xenoliths found in many 
kimberlites, especially on South Africa’s Kaapvaal Craton. In the early 1980s it was 
recognised that the SCLM beneath off-craton areas consists largely of spinel lherzolites, found 
as xenoliths especially in alkali basalts, and which are less depleted than the cratonic garnet 
lherzolites in magmaphile elements such as Ca and Al. The rare garnet peridotite xenoliths in 
these basalts, and in off-craton kimberlites, are more fertile (lower Mg#, higher modal garnet + 
cpx) than those in on-craton kimberlites. Janse (1994) introduced the terms Archon, Proton and 
Tecton to distinguish different types of terrane and their SCLM. The development of 4D 
Lithosphere Mapping using garnet xenocrysts (O’Reilly & Griffin, 1996) allowed a much 
broader evaluation of SCLM composition as seen in kimberlites. A secular evolution in SCLM 
composition became apparent: Archons (Archean cratons) have strongly depleted SCLM, 
Protons (Proterozoic cratons) less depleted, and Tecton (off-craton) SCLM is even still less 
depleted (typically with 10±5% melt extraction). This was interpreted as evidence that 
processes have changed through time, with higher degrees of melting dominant in the 
(presumably hotter) Archean mantle (Griffin et al., 1998). 
This tidy applecart was upset by studies of metasomatism in mantle xenoliths. It was easy to 
accept that metasomatism could add obviously secondary phases like phlogopite and 
amphibole (modal metasomatism) or change the composition (especially trace elements) of 
existing phases (cryptic metasomatism). It took longer to recognize that many lherzolites 
represent refertilization by melt-related metasomatism that added “primary” phases such as cpx 
and garnet to depleted protoliths (stealth metasomatism; O’Reilly & Griffin,. 2012). The 
Almklovdalen peridotite in western Norway played a key role in our own recognition of the 
importance of such refertilization. Numerous studies had, either implicity or explicity, treated 
the scattered garnet peridotites in this massif as the primary rock type, while the dominant rock 
type, a dunite ± chlorite, was treated as the retrograded equivalent. In fact (AHA!) the great 
bulk of the body consists of highly depleted dunites (<0.1% CaO or Al2O3), although there is 
only one analysis of a dunite in the pre-2004 literature. In the field, there is good evidence that 
the garnet peridotites are metasomatic products, related to the intrusion of garnet pyroxenite 
dykes. Finally, Re-Os dating revealed that the garnet lherzolites are Protozoic (1.6-1.7 Ga) 
while the dunites are Archean (>3 Ga; Beyer et al., 2004). A better model for the evolution of 
cratonic SCLM? 
Another AHA! moment came with the release of high-resolution seismic tomography over the 
Kaapvaal Craton (Fouch et al., 2004). Models and measurements of seismic velocities of 
different rock types show depletion leads to higher Vs, and fertility to lower Vs. This is 
consistent with the seismic signatures of Archons, Protons and Tectons, but could also be 
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interpreted simply in terms of thermal differences. However, the Kaapvaal transect showed 
blobs of high-Vs mantle in a network of lower-Vs mantle, on a scale that could not be 
explained by T differences. The distribution of kimberlites is significant – they avoid the high-
velocity areas, and cluster in the low-Vs zones around them. This suggests that the kimberlites 
are channelled up more fertile (i.e. repeatedly-metasomatised) zones, guided by major 
boundaries in the SCLM. The corollary is that kimberlite “mantle sampling” is highly biased 
toward refertilized rocks. That is not the only bias; in the Kimberley kimberlite dumps, the 
bulk of the xenoliths are highly-depleted chromite-bearing dunite/harzburgite. But they were 
not studied much, because they are not very pretty, and do not allow good P-T estimates……  
Today it appears that the original cratonic SCLM consisted mainly of very depleted peridotites, 
mostly generated between 3.6-3.0 Ga ago by large-scale mantle overturns, in a dominantly 
stagnant-lid scenario. This material is so buoyant, relative to the asthenosphere, that it is 
virtually indestructible; it has provided the “life-rafts” on which continental crust could 
survive. It can be metasomatically refertilized to the point that it loses this buoyancy and 
delaminates, but it still underlies 70-75% of the continental crust (Archons and Protons). The 
SCLM beneath Tectons appears to be a mixture of refertilized domains of relict SCLM, 
underplated by more recently-depleted mantle. The very fertile Tecton garnet peridotites have 
compositions equivalent to “best estimates” for an asthenospheric composition.  
The rare eclogite xenoliths in kimberlites were originally recognized as metamorphosed 
cumulates, but opinion later swung behind a subduction origin. The arguments are based on 
chemical compositions and on stable-isotope data interpreted as evidence of crustal processes. 
However, if garnet peridotite xenoliths reflect extensive metasomatism, then the same must 
apply to the eclogites. Leaching studies (Huang et al., 2012) have shown that the trace-element 
“subduction signature” of many eclogite xenoliths actually resides in grain-boundary phases. 
Other work (Greau et al., 2011) shows that the common (and diamondiferous) Type I eclogites 
represent extreme metasomatic alteration of older protoliths; this has affected major elements, 
trace elements and isotopic signatures (stable and radiogenic). The stable-isotope data 
implicate metasomatism of the protoliths by carbonatitic melts. Subducted eclogites may be 
present in the SCLM, but none of the available data can be used as evidence for that. On the 
other hand, kimberlitic eclogites are similar in terms of major elements to the garnet pyroxenite 
xenoliths found in Tecton basalts. Microstructural evidence shows that such pyroxenites 
originated as high-pressure (30-80 km down) cumulates of Al-rich cpx from migrating mantle 
melts, and exsolved gnt±spinel on cooling…. A better model for cratonic eclogites? 
There is a lesson here in scientific method: important evidence and concepts are missed when 
people work in silos; think kimberlite people not talking to basalt people, or to people working 
in e.g. western Norway, or to geophysicists, and of course vice versa. 
 
Janse, A.J.A. (1994). Proceedings 5th Int. Kimberlite Symposium, 215-231.  
O’Reilly, S.Y. & Griffin, W.L. (1996). Tectonophysics 262, 3-18. 
Griffin, W.L. et al. (1998). Geodynamics Vol. 26, Amer. Geophys. Union, 1-26.  
O’Reilly, S.Y. & Griffin, W.L. (2012). Lecture Notes Earth System Sci., Springer-Verlag, 467.  
Beyer, E.E. et al. (2004). Geology 32, 609-612; Beyer, E.E. et al. 2006. J. Petrol. 47, 329-353.  
Fouch, M.J. et al., (2004) S. Afr. Jour. Geol. 107, 33-44.  
Huang, J-X. et al. (2012). Chem. Geol. 328, 137-148.  
Greau, Y. et al. (2011). Geochim. Cosmochim. Acta 75, 6927-6954; Huang, J-X. et al. 2012. Lithos 142-143, 161-

181.  
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High-temperature eclogites of subducted continental crust: associated rocks, melting 
phenomena, difficulties in determining peak P-T conditions, and the problems of high 

temperature overprint(s) during exhumation 
 

1O’Brien, P.J. 
 
1Institute of Earth and Environmental Science, University of Potsdam, 14476 Potsdam-Golm, Germany  
 
Contrasting mineral compositions and formation temperatures of eclogites and the conceptual 
link to different rock associations dates back to Eskola (1921) but got a firm mineralogical and 
petrological footing with the classification schemes of Smulikowski (1964) and Coleman et al., 
(1965). The Low/Medium/High Temperature classification of Carswell (1990) allowed more 
flexibility with regard to the eclogite facies environment but the more recent findings of rocks 
of the continental crust that experienced eclogite facies conditions at 1000°C or more requires 
a further refinement of this concept. Such high temperature eclogite facies rocks are 
widespread in the European Variscan Belt, where they have intensively investigated in the last 
3 decades, but there are strong indications in other orogens that similar conditions, and perhaps 
also tectono-metamorphic processes, prevailed.  
In contrast to the classic subduction zone metamorphosed basalt/gabbro/peridotite association, 
eclogite facies continental crust is dominated by rocks of granitic-granodioritic composition 
along with meta-sediments and only minor true meta-basites. Deep subduction of such crust to 
mantle depths has commonly led to incorporation of mantle slices (garnet peridotite, 
pyroxenite and in some cases eclogite) into the crustal complexes. Interestingly, microdiamond 
has been identified in the crustal rather than mantle rocks of the areas. Unfortunately, the 
stability fields of the high and ultra-high pressure mineral assemblages are extremely large in 
the typically applied pseudosections for most bulk compositions. This aspect is further 
complicated by the poor quality of activity models for complex high PT garnet, pyroxene, 
white mica and ternary feldspar. This makes it difficult to truly pin-point the real peak P-T 
even when diamond and/or coesite is present.  
Commonly, high temperature conditions prevail for a significant proportion of the 
decompression path. If decompression is associated with breakdown reactions at granulite, 
amphibolite or even other eclogite facies conditions (the rocks pass through an enormous P-T 
space) the key minerals, and even accessory phases, are often modified to some extent such 
that peak compositions are no longer recoverable. This aspect is especially problematic if 
exhumation is tectonically episodic so that rocks sit at discrete depths, such as the base of the 
thickened crust after exhumation from deep mantle depths, for long enough times (5-10 Ma) to 
allow thermal relaxation. If rocks are exhumed quickly, high temperatures can prevail to even 
mid- to upper crustal levels and may even produce marked contact aureoles in surrounding 
series. Such rapid exhumation has been postulated to explain the growth of the unusual 
feldspar polymorphs kokchetavite and kumdykolite in eclogite facies metagranites (Ferrero et 
al., 2016). 
 
Carswell, D.A. (1990) Eclogite Facies Rocks, Blackie and Sons Ltd, 396pp. 
Coleman, R.G., Lee, D.E., Beatty, L.B., Brannock, W.W. (1965) Eclogites and eclogites: their differences and 

similarities. Geol. Soc. Amer. Bull., 76, 483-508.  
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lithosphere: some examples from the Alps 
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The picture of collisional orogens deriving simply from subduction and, eventually, continental 
collision and exhumation of two coherent plates, is increasingly seen to be too simple, as there 
is more and more evidence that the shape and internal organization of collisional belts depends 
on many factors that vary in time and scale during the evolution of the complex geodynamic 
subduction-collision system. On the other hand understanding the internal organization of 
orogenic belts, ancient or actual, hot or cold, is of enormous importance to infer the physics of 
earth and of geologic processes and rocks from axial portions of orogenic belts are the 
keystones for successfully conducting this survey. Recently detailed petrological and structural 
analysis supported by high quality petrologic modeling showed that large litho-tectonic units 
(or nappes) contain different slices coupled at different times during the tectono-metamorphic 
evolutions of the orogenic belt.  
The Alps give an excellent opportunity to explore such complexity as they are one of the 
collisional orogens that have been studied for the longest—more than two centuries— being 
wonderfully exposed and with a relatively simply logistic, therefore offering an extraordinary 
amount of detailed petrologic and structural data. The Alps is also mainly a cold-orogen, and 
therefore most of the rocks, whether of oceanic or continental origin, preserve evidence of their 
evolution from their birth, through subduction and exhumation, allowing for precise 
reconstruction of the PTdt evolutions. Actually the use of thermodynamic modeling of 
equilibrium assemblages is one of the tools to account for composition and fluids in 
determining PT conditions of equilibration of rocks and in reconstructing the processes acting 
in rocks.  
In this contribution we will review the methods that allow the reconstruction of such a complex 
evolution that is recorded in rock textural and mineralogical changes. We will show the 
outcomes of detailed studies of the metamorphic evolution of rocks in the best exposed part of 
this collisional chain, the Western Alps. 
The transformations that rocks undergo in geologic times depend upon the combination of 
several factors, mostly the interaction of textural and mineralogical changes that happen in 
rocks due to changing of their ambient conditions through geological time. Such changes, 
testifying large-scale geodynamic processes, are achieved completely or incompletely, 
depending on a combination of the interaction of reactions, deformation, presence of fluids, 
reaction efficiency over time. Being able to interpret the role played by all these factors is 
central to inferring reliable PT estimates, validating their regional scale significance, and then 
transforming these into temperature gradients and depths. 
For a long time it has been suggested that maximum T is not the only factor influencing the 
preservation of the metamorphic assemblages that are preserved in rocks (that therefore do not 
always reflect the maximum T), once proper methods of investigation are applied. Such 
methods start with a detailed structural study at the mesoscale to establish a succession of 
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deformation stages, to which metamorphic assemblages can be correlated, so define a relative 
chronology of textures and parageneses. Then PT conditions and timing of deformation and 
recrystallization can be deduced, using thermobarometry, thermodynamic modeling and 
different isotopic systems.  
The chosen examples are from continental and oceanic rocks, and have been selected for 
showing the role of fluids, of deformation, of inherited structures and of the composition of 
large and small volumes of rocks on the preservation of assemblages and microstructures that 
allow inferring of the metamorphic evolution of rocks involved in different orogenic cycles 
(continental lithosphere) or involved in a single subduction cycle (continental and oceanic 
lithosphere).  
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Behavior of zircon in high pressure rocks: a reappraisal  
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Zircon is the most commonly used accessory mineral for dating metamorphism in (U)HP 
rocks, particularly since the introduction of microbeam techniques. Additionally to U-Pb age, 
zircon can yield information that can be used to reconstruct the assemblage (mineral 
inclusions), temperature evolution (Ti thermometry), fluid evolution (oxygen isotopes) and 
source (Hf isotopes) of the host rock. The main challenge in zircon geochronology remains the 
link between age and metamorphic conditions, as zircon can form virtually at any point of the 
subduction history.  
The reactivity of zircon during subduction metamorphism is exceptionally high if compared to 
equivalent temperatures and lower pressures of Barrovian-type metamorphism. This is likely 
related to the nature and composition of the HP fluids that are present at high pressure and 
which can more efficiently react and dissolve zircon. The variety of zircon internal textures 
that can be observed in HP rocks suggests that a number of processes are responsible for 
metamorphic zircon formation at these conditions, from alteration, to dissolution-precipitation, 
replacement and new growth. Distinguishing between these processes is not trivial and requires 
a combination of textural and chemical data.  
Partial alteration of inherited zircon at high pressure generally disturbs the U-Pb system, but 
does not affect trace element signatures. Such alteration can even lead to secondary HP 
inclusions in inherited cores. As fluids are the likely cause for mineral recrystallization during 
sub-solidus HP metamorphism, thermodynamic modelling can assist in identifying fluid-
releasing reactions that are responsible for zircon formation. In the UHP whiteschist of Dora 
Maira two metamorphic zircon rims can be related to prograde breakdown reaction of hydrous 
phases (Gauthiez Putallaz et al., 2016). 
A low Th/U in zircon is generally an indicator for metamorphic versus magmatic origin. A 
compilation of Th/U in metamorphic zircon shows that this chemical criteria is not necessarily 
valid for all bulk compositions and fails at extreme UHP-T conditions where monazite and 
allanite are no longer stable (Rubatto, 2017). The correlation between zircon and garnet using 
heavy-REE is more robust if relative REE trends are considered. Application of equilibrium 
REE partitioning requires preservation of zircon and garnet throughout the P-T path and coeval 
growth of the two phases, conditions that are not easily met. Ti-in-zircon is generally a robust 
thermometer in HP rocks that contain Si and Ti buffering phases, but has limitations at 
particularly low temperatures. Measurement of a couple of ppm of Ti is challenging and the 
potential contamination from Ti in fractures and grain edges is a risk. At low Ti concentrations, 
differences in Ti content are observed between sector growth zones. The pressure effect on Ti 
incorporation in zircon remains to be fully investigated.  
Lu-Hf systematic in eclogites is dominated by garnet and prograde growth of garnet can cause 
significant Lu-Hf fractionation in the reactive bulk. Metamorphic zircon can thus artificially 
acquire different 176Hf/177Hf depending of the abundance and stability of garnet, and 
dissolution of inherited zircons. Oxygen isotopes in zircon and garnet are a reliable tool to 
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identify metasomatism by external fluids or crustal versus mantle origin of mafic eclogites. 
The accurate use of oxygen isotope mineral data requires consideration of the effect of 
temperature and mineral fractionation on oxygen isotope composition during the rock P-T 
evolution.  
 
Gauthiez-Putallaz, L., Rubatto, D., Hermann, J. (2016) Dating prograde fluid pulses during subduction by in situ 

U-Pb and oxygen isotope analysis. Contributions to Mineralogy and Petrology 171:15. 
Rubatto, D. (2017) Zircon: the metamorphic mineral. Reviews in Mineralogy and Geochemistry 83:261-295.  
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mantle 
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In recent years we have confirmed the existence of ophiolite-hosted diamonds on Earth, which 
occur in mantle peridotites and podiform chromitites of many ophiolites. These diamonds 
differ significantly from most kimberlite varieties, particularly in their inclusions. The typical 
inclusions in the diamonds are Mn-rich phases,i.e., NiMnCo alloy, native Mn, MnO, galaxite, 
Mn olivine and Mn garnet. Ca-silicate perovskite, a typical lower mantle mineral, was 
identified as mineral inclusions in diamond. One occurs as a 60-nanometer, euhedral grain 
associated with NiMnCo alloy and graphite, while anotherone occurs as a 50-nanometer grain 
within a large inclusion containing both NiMnCo alloy and Nd-Se-Cu-S phase. By EDS the 
perovskite has Ca 48.3%, Si 37.7% and Mn 14.1% with oxygen. TEM diffraction data show 
that the inclusion has d-spacings and angles between adjacent lattice planes are consistent to 
the Ca-silicate perovskite with an orthorhombic structure. The only known source of such light 
carbon is organic material in surface sediments and the best known sources of abundant 
manganese are Fe-Mn-rich sediments and Mn nodules, both of which are common on the 
seafloor. Many parts of the modern seafloor are also covered by sediments with a continental 
provenance. Phases such as SiO2 and Al2O3 are not expected in mantle peridotites and must 
have been introduced from shallow levels. We propose that subduction of oceanic lithosphere 
carries C, Mn, Si, Al and REE to the transition zone or lower mantle where the material is 
mixed with highly reduced material, perhaps derived from greater depths. Crystallization of 
diamond from a C-rich fluid encapsulates the observed inclusions. The diamonds and 
associated minerals are incorporated into chromite grains during chromite crystallization at 
depth of mantle transition zone, and are carried to shallower levels by mantle convection. 
Ophiolites since they represent widely distributed ancient oceanic crusts on land, may act as a 
major output of global scale recycled deep subduction materials, and provide us most 
important geological record for studying deep mantle circulation and deep Earth dynamics. 
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Geochemical transfer from the subducting crust to the mantle:  
Insight from the study of continental subduction-zone fluids 
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Although subduction of oceanic crust generates arc volcanism in active plate margins, there is 
no arc volcanics above continental subduction zones where UHP eclogite-facies metamorphic 
rocks are common products. This difference is primarily caused by the thermal structure of 
subduction zones, which dictates the metamorphic dehydration and partial melting of crustal 
rocks at HP to UHP conditions, corresponding to forearc to subarc depths in oceanic 
subduction zones. Subduction-zone fluids of different properties are produced at different 
depths in the forms of aqueous solutions, hydrous melts or supercritical fluids. These fluid 
phases serve as metasomatic agents to react with the mantle wedge peridotite overlying the 
subducting slab. Their behavior is substantial to geochemical transfer from the subducting 
crust to the mantle. 
Despite the breakdown of hydrous HP minerals with increasing P-T along subduction paths, 
there are still hydrous UHP minerals to survive at subarc depths. This results in the liberation 
of water from subducting continental crust at UHP conditions. While one part of the water is 
transported in the form of aqueous solutions into the slab-mantle interface, the other part of the 
water is transported in the forms of structural hydroxyl and molecular water into nominally 
anhydrous UHP minerals. During decompressional exhumation of the deeply subducted 
continental crust, not only the hydrous UHP minerals become breakdown but also the 
structural hydroxyl and molecular water are exsolved from nominally anhydrous UHP 
minerals. This generates significant amounts of aqueous solutions in the interior of UHP slices 
and at the slab-mantle interface.  
While the aqueous solutions of metamorphic origin can be produced by the different types of 
dehydration at subsolidus HP to UHP conditions, partial melting of UHP rocks gives rise to the 
hydrous melts of anatectic origin at supersolidus conditions. The anatectic melts are not 
completely separated from its parent rocks and thus have limited reaction during their flow 
through host rocks. They are more similar to experimental melts than magmatic melts in the 
petrological property. While metamorphic minerals and fluids are simultaneously produced by 
dehydration reactions at subsolidus conditions, peritectic minerals and anatectic melts are 
simultaneously generated by partial melting at supersolidus conditions. However, these fluid 
phases were only in transient equilibrium with metamorphic/peritectic minerals, making their 
compositions changes dramatically during subsequent processes.   
The major element composition of continental subduction-zone fluids at subsolidus conditions 
is characterized by low concentrations of total dissolved silicates. Nevertheless, the 
concentration of total dissolved silicates increases with depth due to an increase in the 
solubility of rock-forming minerals. Although solutes in metamorphic fluids are dominated by 
silica and aluminosilicate components, more alkali and alkali earth elements are dissolved into 
anatectic melts and the concentrations of Ca, Fe and Mg increase in deeper supercritical fluids. 
Because of its highly incompatible property, water is preferentially partitioned into fluid 
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phases during metamorphic dehydration and partial melting. The different types of fluid phases 
have different capacities of dissolving and transporting trace elements in subduction channels. 
Trace element abundances are low in metamorphic fluids at subsolidus conditions, but become 
significantly elevated in anatectic melts at suprasolidus conditions.  
Because the crustally derived fluid phases react with the mantle wedge peridotite, this leads to 
dilution of the crustal components as it is progressively reacted with primary mantle minerals. 
Incompatible elements such as Si, Al, Ca, Na, LILE and LREE are strongly partitioned into the 
fluid phases relative to the mantle minerals. They are dissolved into the fluid phases as soon as 
released from the breakdown of hydrous minerals and the anatexis of local rocks. In contrast, 
compatible elements such as Fe, Mg, HFSE and HREE are strongly partitioned into given 
minerals relative to the fluid phases. Geochemical fractionation is significant between 
incompatible and compatible elements during dehydration and melting. 
With the transport of fluids away from the subducting/exhuming crustal rocks, the 
compositional signature of crustal components is transferred into the overlying mantle wedge. 
This leads to two types of crustal metasomatism according to the occurrence of secondary 
materials in orogenic peridotites. One is the modal metasomatism that is referred to as the 
generation of new mineral phases such as amphibole, phlogopite, apatite, carbonate, sulfide, 
titanite, ilmenite and zircon, which are absent in primitive, depleted mantle sources. The other 
is the cryptic metasomatism that is referred to as the absence of such new minerals but the 
enrichment in fluid/melt-mobile incompatible trace elements such as LILE and LREE relative 
to HFSE and HREE. The geochemical composition of metasomatic agents is essential to this 
difference, and their reaction with the mantle wedge peridotite is substantial to generate the 
fertile, enriched metasomatites overlying the subduction channel.  
Because of the crustal metasomatism at the slab-mantle interface, metasomatic zones may be 
generated with significant enrichment in fluid/melt-mobile elements in the mantle wedge. They 
may be composed of ultramafic metasomatites such as serpentizined peridotite, chloritized 
peridotite, olivine-poor pyroxenites and hornblendites. Xenocrystic zircon grains are even 
transported by these agents into orogenic peridotites, imparting the diagnostic signature from 
the subducted crust to the overlying mantle wedge. Partial melting of such metasomatites is 
capable of producing basaltic melts with enrichment in LILE and LREE but depletion in HFSE 
and HREE. This explains the arc-like geochemical compositions for common oceanic and 
continental arc basalts above oceanic subduction zones as well as postcollisional mafic igneous 
rocks in collisional orogens.  
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There are several possible mechanisms for the formation of melt pockets in mantle xenoliths. 
In order to reveal them, interrelations between carbonate and silicate material in a fresh 
peridotite xenolith UV241/09 from Udachnaya-East kimberlite were studied. It consists of 
garnet, clinopyroxene, and olivine. Melt pockets between silicate minerals up to 5 mm in 
diameter are composed of Ca- and Mg- carbonates (more than 60 vol.%), Fe-Ni-sulfides, 
ilmenite, Ba-rich mica, graphite, serpentine and apatite. Garnet grains contain melt inclusions 
100-500 μm wide with nearly the same set of minerals. Major-element chemistry of garnet 
reveals zonal distribution of Cr2O3 in core (2.2 wt %) and rim (1.4 wt %), whereas 
clinopyroxene has uniform composition, Ca/Ca+Mg = 45. Rare-earth element patterns of 
garnet core and rim are normal and similar to those for garnet from Udachnaya deformed 
peridotites and megacryst suite (e.g. Solov’eva et al., 2008; Agashev et al., 2013). 
Clinopyroxene has convex-upward REE distribution pattern; the Ti/Eu = 2250–2314 and 
composition of clinopyroxene on the diagram [La/Yb]n – Ti/Eu lies on “silicate 
metasomatism” trend (Coltorti et al., 1999). Xenolith mineralogy indicates processing of the 
peridotite by carbonate-rich melt. The presence of mica in the melt pockets and inclusions of 
the fresh peridotite likely denotes a parental melt to be comparatively H2O-saturated and low-
temperature. These conditions were suitable for the crystallization of graphite together with 
carbonates. In accordance with geochemical and mineralogical data we supposed the rock to be 
subjected to two-stage treatment: 1) enrichment of primary substrate by carbonates, 2) partial 
melting of the rock with an in situ formation of immiscible silicate, carbonate and sulfide 
liquids. 
 
Agashev, A.M., Ionov, D.A., Pokhilenko, N.P., Golovin, A.V., Cherepanova, Yu., Sharygin, I.S. (2013) 

Metasomatism in lithospheric mantle roots: Constraints from whole-rock and mineral chemical 
composition of deformed peridotite xenoliths from kimberlite pipe Udachnaya. Lithos 160-161: 201-215. 

Coltorti, M., Bonadiman, C., Hinton, R.W., Siena, F., Upton, B.G.J. (1999) Carbonatite metasomatism of the 
oceanic upper mantle: evidence from clinopyroxenes and glasses in ultramafic xenoliths of Grande 
Comore, Indian Ocean. Journal of Petrology 40:133-165. 
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Quartz and zircon trapped in garnet on the pro-grade path of rock units that become eclogites 
are protected by the host garnet and their stress state have the potential to be used to constrain 
the P and T path of subduction. Current elastic barometry theory is restricted to elastically 
isotropic systems. When the isotropic analysis is applied to anisotropic inclusions such as 
quartz it yields systematically incorrect entrapment pressures (Ashley et al. 2016), an 
unrealistic spread in values of entrapment ‘pressures’ for quartz inclusions in a single host (e.g. 
Kouketsu et al. 2016) and negative pressures reported for quartz inclusions in garnet (e.g. 
Kouketsu et al. 2014). These errors in pressure estimates arise because a single crystal 
inclusion in a cubic garnet is subject to isotropic strain following a change in P and T from the 
entrapment conditions; if the inclusion is elastically anisotropic it must therefore be subject to 
anisotropic stress and thus its stress state cannot be characterised by a single “pressure”. For 
quartz inclusions trapped in garnet on the pro-grade path under mid-crustal conditions, the 
deviatoric stress can reach up to 50% of the mean normal stress, and the average normal stress 
in the inclusion is not equal to the pressure calculated from the elastically-isotropic model of 
the host/inclusion system. Deviatoric stresses also change the Raman band frequencies. 
Moreover, if the inclusion is not a sphere there is a stress gradient across the crystal, which can 
be predicted with finite-element modelling and may be large enough to affect the Raman 
measurement. Therefore, measurement of a single Raman band frequency at a single position 
cannot yield information on the stress state of an inclusion crystal, nor should it be interpreted 
with the hydrostatic calibration as a measure of the average normal stress in the inclusion. We 
have therefore determined the P-T variation of the cell parameters of quartz to calculate the 
strain state of quartz inclusions in garnets trapped under hydrostatic stress conditions. DFT 
simulations were used to calculate Raman shifts of quartz inclusions under these strains, to 
provide a map of Raman shifts as a function of entrapment conditions in a range of garnet 
compositions. These should allow us to determine entrapment conditions for quartz and zircon 
inclusions in garnet. 
This work is supported by MIUR-SIR grant “MILE DEEp” (RBSI140351) to M. Alvaro 
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The Eastern Segment of the 1140-900 Ma Sveconorwegian orogen in Scandinavia exposes the 
deeply exhumed sections of an underthrusting continental plate in a collision zone (Möller & 
Andersson, this volume). High-grade metamorphism and near pervasive partial melting at 
upper amphibolite facies conditions across the Eastern Segment has been dated at 980-960 Ma. 
The timing of the prograde metamorphic evolution has, however, remained concealed. Relict 
eclogite occurs in a fold nappe enclosed within the Eastern Segment. The U-Th-Pb and REE 
chemistry of zircon in four different types of eclogite has been investigated in detail. Analysis 
of zircon from whole rock and pure garnet separates was complemented with in situ analyses 
of rock chips, allowing textural control. The results demonstrate multiple stages of zircon 
growth, including a pre-990 Ma prograde metamorphic history previously not documented. 
The least retrogressed eclogites occur as compositionally layered rocks, forming disrupted 
boudins in the basal shear zone of the nappe. Here, the first metamorphic zircon phase in a 
kyanite-rich eclogite layer has distinct negative Eu-anomaly and positive HREE slope. It has 
an age of 1005-1000 Ma and dates zircon growth preceding extensive breakdown of 
plagioclase and garnet growth. The early zircon phase is overgrown by 995-990 Ma zircon 
with suppressed Eu-anomaly and flat HREE pattern, indicating substantial garnet growth. 
Zircon grains in Fe-Ti-rich eclogite also record polyphasal growth between 1005-990 Ma; 
these zircon grains lack distinct Eu anomaly but show overall slight increases in Eu in younger 
phases. Zircon in all four types of eclogite records progressive depletion of HREE, where the 
texturally and isotopically youngest zircon have distinct negative slopes (Dy to Yb) in 
accordance with sequestration of these elements in garnet. The youngest zircon formed at ca 
980 Ma, as thick rims and newly formed grains in extensively amphibolitized eclogite with 
cm-wide white melt segregates in the inner part of the nappe (Möller et al. 2015). This zircon 
records the onset of massive partial melting at upper amphibolite-facies conditions affecting 
the entire internal Eastern Segment. Igneous zircon is only found in one eclogite sample 
(kyanite eclogite). In the igneous protoliths of the eclogites, Zr was likely hosted in 
baddeleyite, ilmenite, and/or pyroxene; this Zr was released during prograde metamorphic 
recrystallization and formed metamorphic zircon. The primary igneous zircon-bearing host 
rocks (orthogneisses) lack records of the prograde metamorphic evolution, and formed 
metamorphic zircon first at the time of partial melting, a process in which igneous zircon was 
partly dissolved and reprecipitated, or recrystallized. 
 
Möller, C., Andersson, J. (this volume), Metamorphic zoning and behavior of an underthrusting ‘India-style’ 

lower continental plate, Sveconorwegian orogen, SW Scandinavia. International Eclogite Conference, 
August 2017, Åre, Sweden. 

Möller, C., Andersson, J., Dyck, B., Lundin, I. A., (2015), Exhumation of an eclogite terrane as a hot migmatitic 
nappe, Sveconorwegian orogen. Lithos,226, 147-168. 
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The elastic interaction of mineral inclusions and their host minerals provides a method of 
geobarometry independent of chemistry and the achievement of chemical equilibrium. A 
remnant pressure in an inclusion trapped inside a host mineral is developed because the 
inclusion and the host have different thermal expansion and compressibilities, and the 
inclusion does not expand in response to P and T as would a free crystal. Instead it is restricted 
to expand only as much as the cavity of the host mineral, and this constriction in volume can 
result in inclusions exhibiting over-pressures when the host is studied at room conditions. The 
remnant pressure of the inclusion, measured by X-ray diffractometry, birefringence analysis or 
Raman spectroscopy, can then be used with the equations of state (EoS) of the host and 
inclusion to constrain the P and T at entrapment. This concept has been known for a long time, 
but satisfactory quantitative modelling of inclusion-host systems based on non-linear elasticity 
theory and precise EoS has only recently become available (Angel et al., 2014, 2015). We 
demonstrate that the current theory provides entrapment pressures for cubic inclusions in cubic 
hosts, such as diamonds in garnets in retrograded eclogites, that are consistent with P and T 
estimates from conventional petrology. 
The elasticity calculations to determine entrapment conditions involve the EoSs for both the 
host and the inclusion are complex if thermodynamically-realistic EoS are employed. We have 
therefore developed a simple GUI program, EosFit-Pinc, that performs all of the necessary 
calculations under the assumptions of isotropic elasticity. Equations of state of the host and the 
inclusion can be loaded as files created by other software in the EosFit7 program suite, or 
imported directly from thermodynamic databases such as Thermocalc. EosFit-Pinc can 
calculate the entrapment isomeke from the measured remnant pressure of the inclusion, and the 
final pressure can be calculated if the entrapment conditions are known. It can also calculate 
isochors and isomekes of the two phases. The program EosFit-Pinc and the EosFit7 program 
suite are available at www.rossangel.net 
This work is supported by MIUR-SIR grant “MILE DEEp” (RBSI140351) to M. Alvaro, and 
ERC starting grant 307322 to F. Nestola 
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Kyanite-bearing metapelites from the Egere terrane (Central Hoggar, South Algeria) preserve 
evidence of an eclogite-facies metamorphism. The high-grade paragenesis consists of garnet, 
kyanite, phengite, K-feldspar, quartz and rutile, and corresponds to the peak of metamorphism. 
During decompression, a second paragenesis developed; it consists of garnet, biotite, 
sillimanite, plagioclase, K-feldspar, staurolite, ilmenite and corundum in very aluminous 
micro-domains. 
Garnets porphyroblasts are strongly zoned particularly in grossular and display a zonation with 
an early Ca-rich core (XCa = 0.26) overgrown by Ca-poor rims (XCa = 0.09) formed during 
decompression. Furthermore, they exhibit distinctive Mn bell-shaped profiles (XMn from 0.08 
[core] to 0.00 [rim]) related to their prograde growth. On the other hand, phengitic white micas 
are featured by mineral composition (Si = 6.44) that suggests crystallization under relatively 
high-pressure conditions. A number of retrograde reactions are inferred to have developed 
during the exhumation process. Phengite, in particular, is generally replaced by biotite + 
plagioclase symplectites. 
The textural observations described are interpreted via the modelling of P–T pseudosections. 
These phase diagrams were calculated in the Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–
TiO2–O (NCKFMASHTO) system. Detailed assessment indicates that the metamorphism peak 
was attained at relatively high-pressure conditions (18–19 kbar and 800±50°C), followed by 
strong decompression down to 8 kbar and 650 ±50°C. 
The investigation of the geochemical data shows that the studied metapelites have shale 
affinity similar to the North American Shale Composite (NASC) and to the Post-Archaean 
Australian Shale (PAAS), and have been deposited in a passive margin. 
U-Pb zircon analyses were performed on these metapelites, where 120 grains were dated. 
Cathodoluminescence reveals that the majority of these zircons show an internal zoning texture 
with an inherited detrital core (Archaean to Proterozoic) and a metamorphic overgrowth rim 
(Neoproterozoic). 
The combination of the observed mineral paragenesis, textural relationships, geochemical data, 
U-Pb zircon analyses coupled with thermodynamic modelling, provides a wide range of 
information concerning the geodynamic evolution of this area, nature of protoliths, provenance 
of zircons and age of sedimentation and metamorphism in addition to the P–T evolution of 
these rocks. 
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The Averøy layered eclogite body lies ~35 km NE of the Svartberget microdiamond locality, that 
lies at the present E limit of the Nordøyane UHP domain in W Norway. The body appears to 
belong to the Blåhø = Seve Nappe of the Middle Allochthon, commonly assigned a distal position 
close to the Baltican margin of Iapetus in Early Ordovician time. Detailed U-Pb zircon 
geochronology shows it was subducted to eclogite facies conditions at 415.2 ±0.6 Ma, followed by 
exhumation and amphibolite-facies reworking with pegmatite intrusions at 395.3 ±0.6 Ma. 
Previous studies of this large body have included U-Pb zircon geochronology, igneous 
geochemistry, and limited study of mineral compositions and metamorphic petrology. The present 
focus was to assign the eclogite and surroundings to the regional tectonostratigraphy, provide 
details of the structural setting and a broader understanding of the petrography of the eclogite and 
surrounding gneisses. Detailed mapping and a gridded magnetic anomaly map, were used to help 
locate boundaries between rock types. 
Five layered eclogite bodies were found in the area, the largest being the Averøy body extending 4 
km in a WNW-ESE direction, with a maximum thickness of ~0.6 km, and with a major-element 
chemistry typical of olivine basalt. Four main rock types were characterized and assigned either to 
the Baltican basement unit or to the Blåhø Nappe of the Middle Allochthon. The basement consists 
of a tonalitic to granodioritic migmatite gneiss with local metamorphosed mafic dykes, pegmatites 
and rare eclogite and gabbro boudins. The structurally overlying Blåhø nappe consists 
predominantly of garnet amphibolite, and garnet and amphibole quartzo-feldspathic gneiss that 
wrap around small variously retrogressed granoblastic eclogite boudins and larger layered 
eclogites. Lesser rock types include garnet-biotite schist and marble.  
Structural measurements showed predominantly region-parallel NW dipping foliations, ENE-
WSW oriented upright and foliation-parallel folds and a pervasive sinistral or top to the WSW 
sense of shear consistent with the regional pattern of amphibolite-facies reworking. Older eclogite-
stage NNW plunging lineations, and folds are locally preserved in the layered eclogite bodies and 
adjacent garnet and amphibole gneiss. 
Petrography and mineral chemistry and were used to characterize different metamorphic stages. 
Based on compositions of co-existing garnet and omphacite and presence of kyanite and altered 
phengite, P-T conditions were estimated by proxy at 800°C and 3.0 +/- 0.3 GPa. Some of the 
eclogites show remarkable preservation of peak-metamorphic minerals, while others contain a 
wealth of symplectite textures, variably overprinted by hornblende during exhumation and 
amphibolite-facies deformation.  
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Ultra-high pressure (UHP) minerals, such as coesite and microdiamond, are often found in 
discrete mafic units, hosted in larger scale continental terrains. It is widely accepted that the 
entirety of these terrains have been subducted as coherent units to UHP conditions. However, 
evidence that felsic material, associated with mafic rocks, was transformed at eclogite facies 
conditions is often lacking. This may play an important role in controlling the exhumation of 
material from depth. 
The felsic material in the Tso Morari dome, in Ladakh, Himalaya, preserves Barrovian 
metamorphism (Epard & Steck 2008). However, earlier eclogite facies metamorphism is 
preserved in the undeformed granites in the centre of the dome, in the form of garnet coronas 
around igneous biotites, similar to those observed in the Sesia zone (Koons et al. 1987). In the 
abundant granite gneiss, prograde zoning in garnet is preserved. The compositional zoning in 
these garnets is remarkably similar to the zoning observed in the garnets of the mafic eclogites, 
which preserve coesite inclusions in the garnet rims.  
Fluids play a crucial role in metamorphic reactions, as changes in bulk composition of the 
undeformed granites can influence the mineral assemblage and the rheology of the rock. Based 
on microstructural observations and preliminary geochemical data, we suggest that the Tso 
Morari granites were hydrothermally altered early in their tectonic history. As a result, the 
granites were preconditioned, prior to Himalayan subduction, influencing the strength and 
deformation style of the granites. Unravelling the early history of the Tso Morari granites may 
lead to a better understanding of the geodynamics of continental subduction and exhumation in 
the Himalaya, but may in turn also help to understand subduction- and exhumation processes 
in other UHP terrains where granitic material is involved. 
 
Epard, J. & Steck, A., (2008). Structural development of the Tso Morari ultra-high pressure nappe of the Ladakh 
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For the first time primary nanogranitoids have been identified in garnet from the garnet 
clinopyroxenites of the Granulitgebirge, Bohemian Massif. Their distribution as clusters in 
garnet confirms they formed during garnet growth. The inclusions, identified in two different 
locations, can be polycrystalline or glassy and from 5-20 μm in diameter. A constant 
assemblage of kumdykolite/albite, phlogopite, osumilite, kokchetavite and quartz occurs in 
inclusions in both locations and were identified by Micro Raman Spectroscopy and EDS 
mapping. Such an association of minerals is consistent with the origin of these inclusions as 
former droplets of melt. This is supported by the presence of several preserved glassy 
inclusions in one of the samples. 
Selected nanogranitoids have been re-homogenized at 1000°C, 22 kbar to a hydrous glass of 
quartz-monzonitic composition in a piston cylinder apparatus. The chosen conditions 
correspond to the formation of garnet (O’Brien & Rötzler, 2003) and thus of melt entrapment. 
The preliminary interpretation of normalized trace element data shows that the trapped melt is 
enriched in Cs, Rb and Pb, whereas Ba, Nb and Sr show a negative anomaly. Such patterns 
suggest the involvement of mica (HP phengite) in the melt-producing reaction.  
The studied garnet clinopyroxenites are enclosed in bodies of serpentinized garnet peridotites 
hosted in turn in HP felsic granulites. They show a granoblastic texture dominated by garnet 
and clinopyroxene with a variable amount of interstitial plagioclase, biotite, two generations of 
amphiboles (brown and green) and rutile and opaque minerals as accessories. The bulk rock 
composition is basic to ultrabasic, the garnet varies between Alm24, Prp65, Grs11 in one location 
and Alm38, Prp36, Grs26 at the other. 
These inclusions may be the result of two different possible processes: 1) localized melting of 
metasomatized mafic rocks with simultaneous production of garnet, 2) or an interaction 
between melted felsic granulites and metasomatized peridotites with consequent formation of 
these garnet clinopyroxenites 
 
O’Brien PJ & Rötzler J. (2003) High-pressure granulites: formation, recovery of peak conditions and implications 

for tectonics. Journal of Metamorphic Geology, 21, p. 3-20. 
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This study aims at establishing a solid geochronologic foundation for in-depth understanding 
of subduction- and collision-related metamorphic processes in the Central Indonesia 
Accretionary Collision Complex (CIACC). Target areas are the Bantimala and Barru regions, 
SW Sulawesi, and the Luk Ulo complex, central Java. Previous studies have provided essential 
field, petrological and geochemical information for these occurrences (e.g. Parkinson et al., 
1998). Still, more research is needed to deepen our understanding of the complete P–T–D–t 
evolution of these and other mélange domains of the larger region. The presently available 
isotopic dataset is insufficient for in-depth understanding of the HP/LT and exhumation 
history. Available isotopic ages that are based on K-Ar dating indicate Cretaceous 
metamorphism, but do not provide unambiguous data for assessing the chronological evolution 
of the related subduction system, including possible spatial and temporal variations along the 
extent of the CIACC. This study aims at closing this gap by dating of well-preserved eclogites, 
blueschists and amphibolite facies rocks using a multimethod geochronological approach. 
Depending on sample characteristics different methods of age determination (Rb-Sr, U-Pb, 
Sm-Nd) will be utilized. Additional age data are a prerequisite for an improved understanding 
of the geodynamic processes that have led to the formation of the pre-Tertiary accretionary 
complexes of Indonesia and will provide a solid and robust foundation for the interpretation of 
large-scale geodynamic processes in the complex region between Eurasian, Indian-Australian 
and Pacific plate. First results that are based on multi-point Rb-Sr mineral isochrons indicate 
distinct, but internally consistent age patterns for the different locations. Eclogites and 
blueschists from the Bantimala complex yielded ages of 122.3 ± 0.7 Ma, 124.2 ± 0.6 Ma, 125.0 
± 0.6 Ma and 126.7 ± 0.8 Ma, respectively. The studied HP rocks from the Luk Ulo complex 
are characterized by slightly younger ages of 117.5 ± 0.6 Ma, 118.2 ± 0.6 Ma, 118.7 ± 0.6 Ma 
and 119.1 ± 0.8 Ma, respectively. In the Barru complex, evidence for an earlier HP/LT stage 
has yet not been recognized. Preliminary results for mica schists from this occurrence that are 
characterized by medium-pressure mineral assemblages indicate Rb–Sr ages of ca. 107–109 
Ma. Work in progress will provide additional geochronological constraints based on other 
isotopic methods, and will link the newly determined ages with P–T data. 
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Melting during subduction and exhumation of continental crust may occur along the prograde 
and/or retrograde P–T path, and may be fluid-present or fluid-absent. In many UHP terranes, 
multiphase solid inclusions, microstructures (e.g. Qz/Pl/Kfs pseudomorphs with low dihedral 
angles), and macroscopic leucosomes are evidence used to infer melting and the former 
presence of (supercritical) fluid or melt, but where and when during the P–T evolution do these 
features form? In the literature, partial melting is commonly related to hydrate-breakdown by 
reactions such as Ph + Cpx + Qz → Bt + Pl + Grt + L. However, at peak P nominally 
anhydrous minerals (NAMs) may store several thousand ppm H2O (as OH and molecular 
H2O), and lower solubility of H2O with decreasing pressure leads to exsolution of H2O from 
NAMs. Thus, fluid-present conditions likely attend exhumation from UHP conditions and 
evolution of this fluid with decreasing pressure generates hydrous melt. 
In the Sulu belt, China, at peak P during ultradeep subduction, the continental crust was likely 
fluid absent. During initial exhumation, exsolution of H2O from NAMs in gneisses and 
eclogites would have generated a grain boundary (supercritical) fluid (Wang, S.J. et al., 2016, 
2017). As this fluid migrated by diffuse porous flow from grain boundaries into channels, it 
drained through both gneisses and eclogites, creating a blended composition. As exhumation 
progressed and the volume of fluid increased, it dissolved more of the silicate mineral matrix, 
becoming increasingly solute-rich, more ‘granitic’ and more viscous, as it evolved into 
hydrous melt. Once trapped, crystallization began by diffusive loss of H2O to the host crust 
concomitant with ongoing exhumation. If the solute-rich fluid intersected the solvus for the 
granite–H2O system, phase separation led to formation of composite veins (comprising HP 
granite and vein quartz); alternatively, if sufficient H2O was lost via diffusion then the solute-
rich fluid/hydrous melt crystallized as HP granite. During the transition from eclogite to 
amphibolite facies, minor partial melting is evidenced in Ph-bearing rock types by Kfs + Pl + 
Bt aggregates located around coarse phengite grains and by Kfs veinlets along Qz/Qz and 
multi-mineral grain boundaries. Phase equilibria modeling of HP granite shows that this late-
stage Ph-breakdown partial melting records P–T conditions towards the end of exhumation. 
 
Wang, S., Wang, L., Brown, M., Feng, P. (2016) Multi-stage barite crystallization in partially melted UHP 

eclogite from the Sulu belt, China. American Mineralogist 101: 564–579. 
Wang, S.-J., Wang, L., Brown, M., Piccoli, P.M., Johnson, T.E., Feng, P., Deng, H., Kitajima, K., Huang, Y. 

(2017) Fluid generation and evolution during exhumation of deeply subducted UHP continental crust: 
Petrogenesis of composite granite–quartz veins in the Sulu belt, China. Journal of Metamorphic Geology 
35: in press (DOI: 10.1111/jmg.12248). 

  



36 
 

The origin of eclogites in garnet peridotite massifs: The view from the Moldanubian Zone 
of the Czech Republic and the Western Gneiss Region of Norway  

 
1,2Brueckner, H.K., 3Medaris, L. Gordon Jr. 

 
1Lamont–Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA 
2Queens College & Graduate Center, City University of New York, Queens College, Flushing, NY 11367, USA 
3Department of Geoscience, University of Wisconsin–Madison, Madison, WI 53706, USA 
 
Eclogite layers occur in garnet peridotite massifs worldwide. The origin of such layers, a.k.a. 
internal eclogites, has been attributed either to high–pressure (HP) crystallization of garnet and 
pyroxene from transient melts in the mantle or to HP recrystallization of plagioclase–bearing 
gabbroic or basaltic dikes in peridotite. These two hypotheses are evaluated for internal 
eclogites in two different types of peridotite: the hot, variably depleted and metasomatised, 
Variscan lithospheric and asthenospheric mantle of the Moldanubian Zone, Czech Republic, 
and the cold, chemically depleted, and old (pre–Caledonian) lithospheric mantle of the 
Western Gneiss Region, Norway (Brueckner & Medaris, 1998). 
The major element compositions of both eclogite suites vary widely and their compositional 
fields overlap, although the Czech suite is notably richer in MgO and poorer in FeO than the 
Norwegian suite, which contains superferrian varieties (Czech Mg# = 47.1–84.5; Norway Mg# 
= 23.1–64.5). The correlation of certain oxides with Mg# is poorer for the Czech suite than the 
Norwegian (e.g., R2 = 0.09 vs. 0.61 for CaO, and R2 = 0.06 vs. 0.39 for Al2O3). The whole–
rock HREE patterns are relatively flat in both suites, with comparable mean values of Yb (N–
MORB normalized) for both (0.45, Czech; 0.39, Norway), but higher S.D. for the Czech suite 
(0.94 vs. 0.43). Spider plots illustrate depletions in Zr, Hf, and P in the Norwegian suite, but 
less so in the Czech suite, and Sr and Pb enrichments in both. 
A plot of 143Nd/144Nd vs. 87Sr/86Sr for Czech eclogites and constituent clinopyroxenes displays 
a pattern of increasing 87Sr/86Sr (0.703–0.712) with decreasing 143Nd/144Nd that is concordant 
with that of associated garnet peridotites and pyroxenites. In contrast, clinopyroxenes from 
Norwegian internal eclogites define two patterns: one with a large variation in 143Nd/144Nd and 
little variation in 87Sr/86Sr (0.702–0.704) that mimics the pattern for associated garnet 
peridotites and pyroxenites, and another, including two superferrian eclogites, with increasing 
87Sr/86Sr and decreasing 143Nd144Nd. 
The Czech internal eclogites contain no mineralogical evidence for an earlier, pre-eclogite 
stage. In contrast, garnet in Norwegian internal eclogites contains amphibole and rare 
plagioclase inclusions, demonstrating the existence of an earlier, pre-eclogite stage. These 
petrological data, in conjunction with the elemental and isotopic data, indicate that the Czech 
eclogites formed by HP crystallization of garnet and clinopyroxene from transient melts in the 
mantle during the Variscan Orogeny, and the Norwegian eclogites formed by Caledonian HP 
recrystallization of pre-Caledonian gabbroic or basaltic dikes in peridotite. Sm-Nd mineral 
results support this interpretation: Czech eclogites give consistent 330-370 Ma ages indicating 
Variscan equilibration, whereas Norwegian eclogites give highly variable pre-Caledonian 
“ages” indicating partial re-equilibration of older assemblages. 
 
Brueckner, H.K, Medaris, Jr., L.G. (1998) Schweiz. Mineral. Petrogr. Mitt. 78: 293–307. 
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Recent, well-documented evidence of high pressure (HP) and ultra-high pressure (UHP) 
metamorphism within the Seve Nappe Complex (SNC) in Jämtland, Sweden (eg. Janák et al., 
2013) compelled us reconsider the depths that the rocks of the Baltica margin were subducted 
to, and the subsequent exhumation dynamics. The Norrbotten eclogite localities, northeast of 
Jämtland, have not been studied in detail, and information about their metamorphic evolution 
is lacking. The aim of this study is to provide new P-T-t data about metamorphic evolution of 
the SNC in Norrbotten as recorded in the eclogites and their metasedimentary host rocks. 
Within eclogite, clinopyroxene contains high-Na (XJad>0.36) core and two rims: inner, 
medium-Na (XJad=0.36-0.32) and outer, low-Na (XJad<0.32). Garnet consists of high-Ca 
(XGrs>0.29) euhedral core, low-Ca (XGrs≈0.23) inner rim and medium-Ca (XGrs=0.25-0.26) 
outer rim. Similar pattern occurs within phengite, where high-Si (>3.32 apfu) core is enveloped 
by medium (3.27-3.32 apfu) and low-Si (<3.26 apfu) rims. The compositions of mineral cores, 
inner rims and outer rims reflect three stages of the eclogite’s metamorphic evolution and are 
referred to as E1, E2 and E3, respectively.  
Applied Quartz-in-Garnet (QuiG) geobarometry, coupled with Zr-in-Rutile geothermometry 
method revealed that garnet nucleation started at P=1.4-1.5 GPa and T≈500-600°C. Peak-
pressure (E1) assemblage of eclogite (i.e. garnet + omphacite + phengite + rutile + coesite?) 
yields P–T conditions of 2.8-3.0 GPa and 650–750°C, constrained by conventional 
geothermobarometry (using method of Ravna & Terry, 2004) and thermodynamic modelling in 
the NCKFMMnTASH system. Later stages E2 and E3 record conditions of T=730°C, P=2.5 
GPa and T=735°C, P=2.1 GPa, respectively.  
Conditions of exhumation, as recorded by the metasedimentary host rocks, are demonstrated 
by regional retrogressive metamorphism coupled with pervasive deformation and foliation 
development (defined by alignment of white mica). U-Pb depth profiling of zircon and in-situ 
40Ar/39Ar muscovite geochronology will be conducted in the near-future to constrain both the 
timing of peak and retrogressive metamorphism as well as exhumation. The obtained results of 
this study are crucial for our understanding of the subduction-exhumation dynamics in the 
Scandinavian Caledonides. 
This work is financially supported by the NCN "CALSUB" research project no. 
2014/14/E/ST10/00321. 
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Most UHP metamorphic rocks contain garnet hosting inclusions of coesite and/or diamond 
formed at minimum pressure of 3 and 4.5 GPa respectively. However, the determination of the 
effective peak pressure reached by these rocks is frequently hampered by retrograde over-
printing. Elastic geobarometry in host-inclusion systems can provide new constraints to assess 
the P-T conditions attained during UHP metamorphism (Angel et al. 2015) and it has been 
extensively developed for spherical elastically isotropic host-inclusions pairs (Angel et al. 
2014). However, the behavior of anisotropic mineral inclusions with non-spherical shapes in 
isotropic host mineral is still unknown. Here we aim at testing the limitations of the commonly 
used Raman approach to determine residual stresses held by a non-spherical elastically 
anisotropic inclusion.  
We investigated the changes in the Raman peak positions for zircon inclusions still entrapped 
in garnet megablasts from the UHP Dora Maira Massif. The selected inclusions are located in a 
fracture-free garnet, with a radius (200-300 μm) at least three times larger than that of the 
inclusion (10-30 μm). The normally optically isotropic garnet shows birefringent halos in the 
surrounding of the inclusions. Preliminary Raman measurements on zircons yield residual 
stresses corresponding to about 1 GPa if compared with those obtained under hydrostatic 
pressure. We also observed that, as predicted from recent numerical models (Mazzucchelli et 
al. 2017), the shape and the aspect ratio of the inclusions affect the final Raman frequency 
shift. For example, within the experimental peak-position precision (0.35 cm-1), rounded zircon 
grains exhibit the same Raman shifts thought the entire bulk, whereas shaped elongated zircon 
grain, with corners and edges, show a stress gradient equivalent to 0.9 cm-1 along the longer 
dimension. Not least, inclusions of similar shape and size but at different depths inside garnet, 
display different residual stresses confirming that proximity to surfaces leads to a reduction in 
inclusion pressure. These results are fundamental to allow us to prompt a working method to 
determine reliable residual stresses by considering all the above features and limitations. 
This work has been supported by ERC-StG TRUE DEPTHS (n. 714936) and MIUR-SIR Mile 
Deep (n. RBSI140351) to M. Alvaro.  
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Felsic leucosomes are identified in eclogite from Jianggalesayi area in the South Altyn HP-
UHP metamorphic terrane in western China. A combined study of petrography, mineral trace 
element composition, zircon U–Pb dating and Hf compositions of felsic leucosomes and its 
host eclogite are applied to determine the nature and timing of the partial melting of the 
eclogite. Microscopy texture evidences for partial melting is provided by: (1) Elongated 
plagioclase grains occurr like veinlets along the garnet grain boundaries; (2) In the intergrowth 
of Cpx +Pl1, plagioclase occurs as irregular shape, or as pudding or water-drop shape 
interspersed in clinopyroxene, indicating that the plagioclase crystallized from the melt; (3) 
Highly cuspate, wedge–shaped and triangular plagioclase grains occur in the intergranular 
spaces of the garnet grains and are interconnected as crystal stock with small dihedral angles 
between garnet–garnet–quartz. Both of these textures suggest that garnet and clinopyroxene are 
the residual phases after partial melting. 
Three discrete U–Pb ages are both recorded in the zoned zircons from the eclogite and felsic 
leucosomes. The inherited magmatic zircon cores and unzoned metamorphic zircon mantles 
from eclogite and felsic leucosomes record a Neoproterozoic protolith age of ~600Ma and 
eclogite-facies metamorphic ages of ~500 Ma, respectively. Zircon rims from eclogite record a 
granulite-facies metamorphic age of 442-458 Ma. Meanwhile, anatectic ages of 448-458 Ma 
are also obtained for the zircon rims from felsic leucosomes. Lu–Hf isotope analyses show that 
Hf isotope compositions between metamorphic zircon rims from host eclogite and anatexis 
zircon rims felsic leucosomes, which demonstrates that the melt might be internally sourced 
from the host eclogite in a closed system, in which no Hf was added via external fluids during 
partial melting. Consequently, the partial melting which generated the felsic leucosomes and 
HP granulite–facies metamorphism of the host eclogite should be resulted from a single 
tectonic event, during HP granulite facies retrogression of the eclogite. 
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Coesite-bearing whiteschist in Western Alps is well known for its Mg enrichment relative to 
country rocks. However, the process for this Mg enrichment is still enigmatic. In order to shed 
new light on this issue, we performed a combined study of whole-rock Mg-O isotopes, and 
zircon U-Pb ages and O isotopes for the whiteschist. Leucophyllite from Eastern Alps was also 
analyzed for comparison. Zircon U-Pb dating for the whiteschist yields two groups of ages at 
~262 Ma and ~34 Ma, respectively. The Permian U-Pb ages occur in relict magmatic domains 
and are consistent with the protolith age of country rocks (metagranites). The Tertiary U-Pb 
ages occur in coesite-bearing domains, consistent with the known ultrahigh-pressure 
metamorphic age. Whereas the relict magmatic domains show higher δ18O values of ~9-11‰, 
the metamorphic domains exhibit lower δ18O values of 5.8 to 6.8‰. The significant O isotope 
differences between the two types of domains indicate that the protolith of whiteschist 
(metagranite) underwent metasomatism by metamorphic fluids with relatively low δ18O value. 
The whiteschist mostly has whole-rock δ26Mg values of -0.07 to 0.72‰, considerably higher 
than country-rock δ26Mg values of -0.54 to -0.11‰. The similar feature is found for Mg-
metasomatic rocks in Eastern Alps, where the leucophyllite shows significantly higher δ26Mg 
values mostly of 0.05 to 0.09‰ than country-rock values of -0.21 to -0.20‰. The reduced 
zircon δ18O values, the extremely Mg-rich composition and heterogeneous δ26Mg values for 
the whiteschist, together with previously reported mineral H-O isotopes and petrological 
results, indicate that the metamorphic fluids are rich not only in Mg element but also in heavy 
Mg isotopes. Considering the Mg isotope systematics in terrestrial reservoirs, the fluids are 
possibly produced by the breakdown of talc and antigorite in hydrated peridotites at the slab-
mantle interface in a subduction channel. Such fluids can be also responsible for the formation 
of lower pressure Mg-metasomatic rocks in Eastern Alps. Therefore, this study shows that the 
dehydration of mantle wedge serpentinites can provide Mg-rich fluids and greatly influence the 
geochemical composition of the underlying crustal rocks in subduction channel during 
subduction-zone metamorphism. 
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We have dated two episodes of regional metamorphism in the late Paleoproterozoic for the 
Quanji Massif, a cratonic micro-continental block in NW China, using LA-ICP-MS zircon U-
Pb technique. 
The first episode occurred in medium P/T-type amphibolite facies conditions. It developed 
three assemblages in garnet amphibolites in the eastern portion of the Massif, including M1 as 
plagioclase + quartz + hornblende + porphyroblastic garnet core + rutile, M2 as the 
porphyroblastic garnet rim with the matrix quartz, plagioclase, pyroxene, amphibole, rutile and 
ilmenite and M3 as symplectitic coronas of hornblende + plagioclase ± ilmenite around the 
embayed M2 porphyroblastic garnets, suggesting an clockwise P-T path for collisional 
metamorphism. Anatectic tonalitic leucosomes developed during the tectonic uplift with 
growth of the M2 assemblage. Similar assemblages and granitic leucosomes are also 
documented in the paragneisses in the central Massif. The LA-ICP-MS U-Pb dating on 
anatectic zircons from the leucosomes and metamorphic zircons yielded 1.96–1.91 Ga. 
The second episode documented both the low P/T-type arc-related metamorphism and medium 
P/T-type collision-related metamorphism. The arc-related metamorphism developed 
amphibolites with assemblage of hornblende + plagioclase and as lenses within the 
paragneisses, and the collision-related metamorphism produced amphibolites, with assemblage 
of hornblende + Na-plagioclase +/- garnet and as metamorphosed dykes within the ~2.37 Ga 
meta-granitoids. The LA-ICP-MS U-Pb dating on metamorphic zircons from both 
amphibolites yielded 1.96–1.91 Ga. 
The resulting data suggest two late Paleoproterozoic collisional metamorphic events with 
important implication for amalgamation of the Quanji Massif with unknown continental blocks 
in NW China and close links to the assembly of the Columbia supercontinent. 
The study was supported by National Science Foundation of China, NSFC grant (Nos. 
41172069 and 40972042). 
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Zircon is theoretically unable to crystallize from the primary peridotite due to the low Zr 
content and Si activity of the bulk rock. However, zircon has been found in garnet peridotites 
from many ultrahigh-pressure (UHP) terranes. Occurrence of zircon in the thin sections of 
peridotites and finding of olivine inclusion in zircon clearly demonstrated that zircons were 
directly derived from the orogenic peridotites rather than originated from the crustal 
contamination. However, the origins of zircons in orogenic peridotites have been controversial. 
We carried out zirconological studies on orogenic peridotites from Sulu and North Qaidam 
UHP terranes. The results not only reveal the mechanism of zircon occurrences in the orogenic 
peridotite but also provide insights into the crust-mantle interaction in continental subduction 
channel. 
Both newly grown and relict magmatic zircons were found in peridotites from the Sulu and 
North Qaidam orogens. The occurrence of zircons in thin section and olivine inclusions in 
zircons from some peridotites explicitly indicate that zircons indeed crystallized inside the 
peridotites. The newly grown zircons have U-Pb ages similar to those for UHP metamorphic 
rocks in the same orogens. The relict magmatic zircons in the Sulu orogenic peridotites are 
also similar to protolith zircons from the UHP metamorphic rocks in the Dabie-Sulu orogenic 
belt. Different zircon domains can be distinguished by their different trace element 
compositions. The newly grown zircons show large variation in Th and U contents and Th/U 
ratios as well as other trace elements, indicating their growth from different types of fluids 
under variable conditions. Newly grown zircons in the orogenic peridotites have crustal Hf-O 
isotope compositions similar to those for UHP rocks in the same orogens, suggesting that the 
orogenic peridotites underwent multiple episodes of metasomatism by fluids originated from 
the deeply subducted continental crust. Relict magmatic zircons in the Sulu orogenic 
peridotites also have U-Pb ages, trace element and Hf-O isotope compositions similar to those 
for protolith zircons from UHP metamorphic rocks in the Dabie-Sulu orogenic belt. Thus, 
these relict magmatic zircons would be physically transported into the peridotites by 
metasomatic fluids that originated from the deeply subducted continental crust. Therefore, the 
orogenic peridotites underwent metasomatism by the fluids originated from the deeply 
subducted continental crust during continental collision in the continental subduction channel. 
The crustally derived fluids would have brought not only such chemical components as Zr and 
Si but also tiny zircon grains from the deeply subducted crustal rocks into the peridotite at the 
slab-mantle interface in the continental subduction channel.  
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The platinum group element (PGE) and Re–Os isotopic compositions of mantle rocks provide 
critical information on episodes of partial melting or melt–rock percolation-reaction processes 
in the mantle (Pearson et al., 2004). It has been widely demonstrated that mantle metasomatic 
processes involving infiltration of sulfur-saturated silicate melts can generate whole-rock scale 
enrichment in S and PPGE, and shift over time the 187Os/188Os ratios toward more radiogenic 
compositions (Luget et al., 2015). Nevertheless, how subducted continental crust influenced 
the PGE and Re–Os signatures of the overlying SCLM wedge is still enigmatic. 
Orogenic mantle-derived peridotites commonly originate from the subcontinental lithospheric 
mantle (SCLM) and thus provide a key target to investigate the modification of the SCLM by a 
subducting slab. The Maowu ultramafic rocks from the Dabie ultrahigh-pressure (UHP) 
metamorphic belt have formerly been debated as representing cumulates or mantle-derived 
peridotites. Detailed petrological and geochemical data presented in this study indicate that the 
Maowu garnet dunites represent a Paleoproterozoic fragment of the SCLM beneath the 
southeastern margin of the North China craton. Many garnet orthopyroxenite veins 
crosscutting the Maowu dunites preserve abundant metasomatic textures and show variable 
enrichment in incompatible elements. Mineral and whole-rock chemistry indicate that these 
veins represent metasomatic products between the wall dunites and silica-rich hydrous melts 
under UHP conditions. The veins show large variations in platinum-group element (PGE) 
signatures and Re–Os isotopes. The garnet-poor orthopyroxenite veins are characterized by 
low Al2O3 (<2 wt.%) and S (<31 ppm) contents and have PGE patterns and 187Os/188Os ratios 
similar to the wall dunites, whereas the garnet-rich orthopyroxenite veins have high Al2O3 (>6 
wt.%) and S (99–306 ppm) contents and show melt-like PGE patterns and high 187Os/188Os 
ratios (up to 0.36910). Therefore, crust-derived sulfur-saturated silicate melts may have 
significantly modified the PGE signature and destroyed the Re–Os systematics of the SCLM. 
However, when the crust-derived silicate melts became sulfur-depleted, such melts would not 
significantly modify the PGE patterns, radiogenic Os-isotope compositions or the Re-depletion 
model ages of the SCLM. Consequently, deep crust-mantle interactions in continental 
subduction zones could induce high degrees of Os isotopic heterogeneity in the SCLM wedge. 
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The spectacular “pegmatitic” orthopyroxene eclogites of the Western Gneiss Region, Norway, 
have attracted much attention and their origins have been hotly debated. They were termed 
“external” to distinguish them from similar, mantle-derived orogenic peridotites. They form part of 
a texturally diverse suite of opx-bearing eclogites (OpE) and garnet websterites (GtW). They are 
often interlayered with opx-free eclogites and olivine-bearing garnet pyroxenites (“peridotites”) 
(e.g. Jamtveit, 1987) belonging to the “Fe-Ti” suite of orogenic peridotites with protoliths in 
Proterozoic layered intrusions (Carswell et al., 1983). It is evident that at least some OpE and GtW 
had a metasomatic origin: Vein systems are found in several of these bodies, such as 
Kolmannskog, Myrbaerneset (Otrøy) and Remøysund (Sørøyane). Veins are cored by garnetite and 
have symmetrical wall-rock zones with outward variation from clinopyroxenite to ultra-coarse-
grained phlogopite garnet websterite, grading into a host of olivine-garnet websterite. Garnetite is 
commonly enriched in apatite, monazite and zircon. Felsic sheets that may represent the 
metasomatising agent are found coring the garnetite veins or cutting across the olivine websterite. 
Adjacent to the host gneiss or internal felsic veins the ultramafic rocks grade into phlogopite 
glimmerites. At Svartberget (Vrijmoed et al., 2013) ultra-coarse, decussate garnet websterites host 
microdiamond showing that the veins formed at ultrahigh pressure. Here, mass-balance 
calculations show a metasomatic agent with an andesitic (Vrijmoed et al., 2013) or trachyandesitic 
(Quas-Cohen, 2014) composition similar to experimental melts in granite-peridotite systems (e.g. 
Rapp et al., 1999). Hence the agent responsible for generating OpE and GtW may have been 
similar to granitic leucosomes in the host gneiss that reacted with the marginal peridotite before 
penetrating along fractures into the core of the body. Further south at Arsheimneset a variant has 
HFSE-enriched phengite-quartz glimmerite rimmed by garnet and omphacitite. Overall, the 
evidence points to the generation of ultra-coarse GtW and OpE by infiltration of a felsic, 
supercritical melt enriched in LIL and HFSE. The classic examples at Grytting and nearby 
Arsheimneset, which lack exposed olivine-rich precursors, are deduced to have had a similar 
origin. New U-Pb accessory mineral ages from vein systems indicate vein formation in the 
Arsehimneset body at 414.0+5.6Ma (zircon) and in the Svartberget body at 410.6±2.6Ma (zircon) 
and 410.6±2.6Ma (monazite). Some opx eclogites (e.g Nybø) lack vein systems and show normal 
metamorphic tectonite fabrics, so may represent simple metamorphic transformation of igneous 
protoliths, or possibly recrystallisation of ultra-coarse metasomatic rocks. The Norwegian opx 
eclogites and garnet websterites show many similarities to metasomatised mantle xenoliths and 
offer a fruitful field of investigation in which field-scale studies can be made of mantle processes 
through these analogous systems. 
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The continental crust is typically modeled as exhibiting coherent, rigid-body behaviour during 
subduction and eduction. However, whether or not this assumption is an accurate 
representation of the way continental subduction occurs has yet to be tested. This is in part 
because most studies on deeply subducted continents focus on the highest-grade sections. 
Although such studies provide key insight into ultrahigh-pressure (UHP) processes, they do not 
constrain how subduction progresses at different levels in the slab and what influence this has 
on the timing of petrologic processes. To further our understanding in this dynamic tectonic 
process, we performed spatially-resolved multi-method chronology (Lu-Hf garnet and U-Pb 
zircon dating) on the Western Gneiss Complex (WGC) in Norway – the world’s largest and 
best-preserved continental ultrahigh-pressure terrane. These techniques, and Lu-Hf garnet 
chronology in particular, provide a unique opportunity to date prograde-to-peak petrological 
processes in subduction settings. We sampled eclogites along a 100-km vector, which is 
oriented parallel to the paleo-subduction direction, to investigate the timing, rates, and style of 
continental subduction. 
We hypothesize that a coherent subducted continent should provide a consistent decrease in 
both P-T conditions and the Lu-Hf age of eclogitization when going up the slab. Surprisingly, 
our chronologic and thermometric data do not exhibit such trends. Temperature estimates 
remain roughly consistent across the entire transect, while pressure estimates initially drop 
during the transition from the outer UHP domain to the non-UHP domain, then gradually 
decrease for 80 km after which there is an abrupt drop in pressure. The Lu-Hf ages (419-400 
Ma; 0.3-1% 2 SD each) show a weak counter-correlation with pressure, although clear 
exceptions exist. The data indicate that the coherent-slab subduction model may not apply to 
the WGC. Instead, we interpret our age and P-T results to indicate that the Baltic slab was 
incoherently underthrusted beneath Laurentia and underwent severe internal deformation 
during its residence at depth. The grade and age of eclogites in the WGC are not a function of 
position in the slab, but rather of the degree and timing of mechanical instabilities that resulted 
in buckling, folding, and faulting of the buried craton. 
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Garnet's composition is commonly analyzed for geochemical and kinetic processes imprinted 
in its zoning pattern during growth in a subduction zone. We model a redistribution of rare 
earth elements (REE) among REE-bearing minerals and garnet in a cold subduction setting, to 
identify mineral reactions which are not longer preserved. 
We investigated geochemistry of garnets from three cold subduction localities: two blueschist 
from Punta Balandra in Dominican Republic and Sivrihisar Massif in Turkey and one eclogite 
garnet from Lago di Cignana, Italy. Though samples show no significant major element 
zoning, trace element patterns form several peaks corresponding with changing mineral 
inclusion assemblage. 
We used thermodynamical modeling combined with mass balanced trace element distribution 
among coexisting phases with diffusion models that simulates kinetically controlled element 
transport in a reacting host rock. We have modeled breakdown of a significant REE-bearing 
minor mineral phases, in particular, garnet, titanite, epidote and lawsonite. 
We would like to emphasise, that all mentioned mineral breakdown reactions cannot be 
revealed by major element compositional patterns, only by analysis and interpretation of garnet 
REE composition. Lawsonite is rarely preserved during subduction. As epidote can inherit the 
same REE pattern as lawsonite, only the modeling approach can often be applied. Garnet can 
succesfully record and preserve titanite, epidote and lawsonite breakdown and its REE patterns 
can be used to identify those reactions. 
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Eclogite-facies metamorphism is known to have occurred in the Tuareg shield, particularly in 
Central Hoggar, during the assembly of western Gondwana. Eclogites from Aleksod terrane 
(Central Hoggar, South Algeria) are petrologically investigated and thermodynamically 
modeled using the latest solid-solution models, in order to trace their P-T path and propose a 
geodynamic model of formation and exhumation. All study samples preserve the eclogite-
facies paragenesis (coarse garnet, omphacite, quartz, clinozoisite and amphibole) that is 
believed to reflect prograde to peak metamorphism. However, these minerals have been 
partially replaced during retrogression by diopside + plagioclase and amphibole + plagioclase 
symplectites. Garnet shows very heterogeneous almandine-dominated compositions (XAlm 
ranges from 0.30 to 0.56). Omphacite has a highest XJd of 0.31. Coarse amphibole, assumed to 
be eclogite-facies, is magnesio-hornblende with NaM4 = 0.31–0.47. Plagioclase, on the other 
hand, is always secondary and shows very heterogeneous compositions with XAn = 0.20–0.99, 
the albite-rich and anorthite-rich compositions corresponding, respectively, to symplectite after 
omphacite and coronas around epidote. P-T pseudosections using THERMOCALC-340 are 
calculated in order to estimate peak conditions and trace the P-T evolution. Inclusions of 
amphibole in garnet core combined with garnet zoning from core to inner rim are used to trace 
pre-peak P-T path at H2O-saturated conditions (from 14 kbar–610°C to 18 kbar–700°C). The 
retrograde path has been traced using plagioclase, diopside and secondary amphibole at H2O-
undersaturated conditions (10 kbar–720°C). The eclogites in Central Hoggar are believed to 
form during the closure of a Neoproterozoic ocean (650–550 Ma) in the course of the Pan-
African orogeny that led to the assembly of the Western Gondwana supercontinent. 
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Coarse-grained sillimanite-bearing nodular gneisses are found in the Western Gneiss Region 
following a zone extending from Sunndalen, through Romsdal to Sunnmøre. Sillimanite-
bearing gneisses from the mountain massif Mannen in Romsdalen have been investigated with 
respect to the formation and origin of the nodular gneisses. Foliated augen-gneisses with 
coarse K-feldspar porphyroblasts occur with domains of sillimanite, or a mantling of 
sillimanite around K-feldspars. Muscovite (Si = 6.1 a.p.f.u.), plagioclase (An29-30Ab69-70), 
biotite (Mg# = 0.48-0.51) and locally garnet (Alm52-56Prp15-16Grs5Sps24-29; Mg# = 0.22-0-23) 
are part of the assemblage. Related garnet-mica schist show garnet composition Alm52-54Prp10-

12Grs11-18Sps16-27 and Mg# = 0.16-0-18, phengite (Si < 6.5 a.p.f.u.), K-feldspar, plagioclase 
(An29-43Ab56-70) and biotite (Mg# = 0.44-0.46). 
P-T calculations were performed on Grt-Sil-bearing gneiss, based on the assemblage Grt +Pl 
+Qtz +Bt +Wm +Sil, and on Grt-Wm-bearing gneiss, based on assemblage Grt +Pl +Qtz +Bt 
+Wm. The calculations yield T up to 838 ±75 °C at P = 0.85 ±0.22 GPa for the Grt-Sil gneiss, 
and P up to 1.04 ±0.12 GPa at T = 701 ±39 °C for the Grt-Wm gneiss. This is in accordance 
with results achieved by calculation of P-T pseudosections where phase stability shows 
production of the Grt-Sil assemblage above 750 °C, and garnet-white mica above 0.9 GPa. 
Detailed petrographic studies revealed replacement of K-feldspar by sillimanite-quartz-white 
mica paragenesis following the reaction K-feldspar = sillimanite + quartz + white mica. The 
reaction needs addition of water, and produces a large amount of SiO2 and excess K as shown 
by the following balanced reaction: 
5 KAlSi3O8 + H2O = Al2SiO5 + 11 SiO2 + KAl2(AlSi3O10)(OH)2 + 4 K 
The excess K needs to be removed and may cause metasomatism in the adjacent rock.  
Our results show that the sillimanite-gneisses in Western Gneiss Region originated at about 30 
km crustal depth and temperature in excess of 750 °C. Presence of K-feldspar porhyroblasts 
may represent a precursor and site for the sillimanite-production. 
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Garnet-clinopyroxene-dominated mafic rocks have been investigated in the northwesternmost 
part of the Western Gneiss Region in the coastal area between Molde and Halsa. The garnet-
clinopyroxene-dominated rocks occur as lenses with amphibolitised and deformed margins in 
size from 1 m2 up to 2-3 km2. The mafic lenses vary from fine- to coarse-grained with a strain 
variation from massive to strongly foliated and lineated. They are regionally widespread and 
included in gneisses, migmatites, micaschists and amphibolites. Garnet is Alm42-52Prp10-

33Grs17-36Sps0-5. Clinopyroxene is En35-43Fs8-19Wo48-52 and include a discernible content of Na 
up to Ac18. The garnet and clinopyroxene occur in assemblage together with amphibole, biotite 
(Mg#=0.38-0.55), plagioclase (An16-43Ab52-79), quartz, locally carbonate and epidote, and 
accessoric rutile, ilmenite, titanite, zircon and apatite. Garnet porphyroblasts occur as euhedral 
crystals or commonly with corroded rims surrounded by a corona of plagioclase or amphibole-
plagioclase. Clinopyroxene occurs as subhedral elongated crystals forming a strong fabric or as 
coarse symplectite with plagioclase. Amphibole is present as matrix grains in the garnet-
clinopyroxene assemblage, but also in corona on garnet as symplectite with plagioclase, or as 
replacement textures on clinopyroxene. Titanite is produced secondary on rutile. 
P-T evolution is modelled by mapping of garnet chemistry and P-T pseudosections 
(TheriakDomino software). Garnet porphyroblasts show a decrease in CaO and MnO, an 
increase in MgO and variable FeO with resulting increasing Mg# from core to rim, indicating 
growth under increasing temperatures and decompression. Calculation of Grt-Cpx-Pl-Bt-Qz-Rt 
assemblage combined with garnet and clinopyroxene isopleths of grossular and Mg#-
composition yields peak metamorphism about 1.5 GPa and 900 °C. The P-T modelling 
supports high-pressure granulite facies condition for the peak equilibration of the garnet-
clinopyroxene-dominated mafic lenses. In addition, garnet chemistry shows an outermost small 
increase in FeO and MnO, and decrease in MgO and Mg#, reflecting a retrograde phase. This 
is in accordance of mineral replacement of clinopyroxene to amphibole and titanite growth on 
rutile.  
Our data support an evolution where the eclogite facies crust in northwestern Western Gneiss 
Region underwent decompression during heating into high-pressure granulite facies 
conditions. The host gneisses underwent migmatitsation, and subsequent amphibolitisation. 
Our investigation gives petrological documentation and illustrates the regional extensive high-
temperature equilibration in the Caledonian root zone subsequent to the deep crustal burial. 
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Eclogite facies rocks can undergo extensive recrystallization if they are subject to heating in 
amphibolite to granulite facies conditions in the lower or middle crust. This is also the case of 
high- to ultrahigh-pressure rocks in the Bohemian Massif, where bodies of serpentinized garnet 
peridotites occur within felsic granulites of the Gföhl unit that reached temperature of 950-
1100 °C at 1.4-1.6 GP (e.g. Cooke and O’Brien, 2001). The garnet peridotite contains layers 
and boudins of garnet pyroxenite and eclogite that originated from mafic melt which migrated 
through the lithospheric mantle wedge above the subduction zone (Medaris et al., 1998). The 
origin of high-pressure minerals in these layers is however debated and the question is, 
whether they crystallized directly from melt or by transformation of the original igneous 
phases during subduction. Exsolution lamellae of garnet in pyroxenes from some coarse-
grained pyroxenite indicate their formation by solid state recrystallization (Faryad et al., 2009). 
Based on textural relations, some eclogites were subject to partial decompression and 
retrogression prior to their granulite facies overprint. Two metamorphic events in eclogite and 
subsequent granulite facies conditions were confirmed by multiple compositional zonings in 
garnet from felsic granulite that host the garnet peridotite bodies (Jedlicka et al., 2015). Here 
we present the result of mineral inclusion study and major and trace element variations in 
garnet and clinopyroxene from an eclogite-pyroxenite layer that occurs in garnet peridotite 
from the Dunkelsteinerwald in Lower Austria. The polyphase mineral inclusions in garnet 
contain usually halogens, CO2, H2O and it is assumed that they were formed by in-situ 
recrystallization of hydrous phases that were already included in garnet during earlier stages of 
subduction. Two metamorphic events, the first eclogite facies and the second granulite facies 
are recorded also by major and trace element zoning in garnet from this rock. High 
concentration of HREE in the garnet rims was probably controlled by amphibole, which has 
high partitioning coefficient for REE and was stable during garnet generation. By its 
decomposition during granulite facies event the trace elements released into the system were 
incorporated into the new garnet and clinopyroxene.  
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The Seve Nappe Complex in the Scandinavian Caledonides represents the distal part of the 
margin of Baltica, which was subducted to depth of UHP metamorphism during the 
Caledonian Orogeny. In contrast to the (U)HP ages determined for the Western Gneiss 
Complex in Western Norway (ca. 400 Ma) which is interpreted to represent the subducted 
Baltican basement, the ages in the Seve Nappe Complex and related nappes are overall older 
(ca. 500 - 430 Ma). As these ages are quite diverging it is desirable to obtain a high-precision 
data set based on one geochronological method. Therefore we are dating samples from 
different localities within the Seve Nappe Complex with Lu-Hf geochronology. 
We present first age determinations on an eclogite from Tjeliken in northern Jämtland, 
Sweden. Thermodynamic modelling of the eclogite yielded a pressure of 25-26 kbar at 650-
700 °C (Majka et al. 2014). Previous dating produced diverging ages of 463.7 ± 8.9 Ma (Sm-
Nd mineral isochrones, Brueckner & Van Roermund 2007) and 446 ± 1 Ma (U-Pb zircon 
dating, Root & Corfu 2012). Lu-Hf garnet-whole rock dating yielded 458.5 ± 1.1 Ma for the 
eclogite (Four-point isochron based on three garnet separates and one whole rock). Garnet in 
the eclogite shows a prograde major-element zoning and a concentration of Lu in the cores, 
indicating that this age is related to garnet growth during pressure increase, i.e. subduction. 
The fact that Sm-Nd and Lu-Hf dating yielded identical ages within error suggests fast 
subduction, since Sm is concentrated in garnet rims. 
Lu-Hf dating of eclogites from Norbotten is in process, and so is dating of eclogite from the 
Lindås Nappe in the Bergen Arcs, which is found at a similar structural level as the Seve 
Nappe in Sweden.  
 
Brueckner, H. K. & van Roermund, H. L. M. (2007). Concurrent HP metamorphism on both marginsof Iapetus: 

Ordovician ages for eclogites and garnet pyroxenites from the Seve Nappe Complex, Swedish 
Caledonides. Journal of the Geological Society, London, 164, 117–128. 

Majka, J., Janák, M., Andersson, B. et al., (2014). Pressure temperature estimates on the Tjeliken eclogite: new 
insights into the (ultra)-high pressure evolution of the Seve Nappe Complex in the Scandinavian 
Caledonides. In: New Perspectives on the Caledonides of Scandinavia and Related Areas (eds Corfu, F., 
Gasser, D. & Chew, D.M.), Geological Society, London, Special Publications, 390, 369–384. 

Root, D. B. & Corfu, F. (2012). U–Pb geochronology of two discrete Ordovician high-pressure metamorphic 
events in the Seve Nappe Complex, Scandinavian Caledonides. Contributions to Mineralogy and 
Petrology, 163, 769–788. 

  



52 
 

Rift-triggered exhumation of eclogite-bearing gneiss domes in eastern  
Papua New Guinea: Geologic and thermochronologic constraints 

 
1Fitzgerald, P.G., 1Baldwin, S.L., 1, 2Bermúdez, M.B., 3Webb, L.E., 4Little, T.A., 5Miller, S.R., 

6Malusà, M.G., 4Seward, D. 
 

1Department of Earth Sciences, Syracuse University, Syracuse, NY, USA 
2Departmento de Geologia, University of Ibague, Columbia 
3Department of Geology, University of Vermont, Burlington, VT, USA 
4School of Geography, Environment & Earth Sciences, Victoria University of Wellington, New Zealand 
5Department of Geology and Geophysics, University of Utah, UT, USA 
6Department of Earth and Environmental Sciences, University of Milano-Bicocca, Milan, Italy 
 
The D’Entrecasteaux Islands (DEI) within the Woodlark Rift of eastern Papua New Guinea 
host the world’s youngest (U)HP terrane. The DEI are high-relief (~2500 m) islands comprised 
of extensional gneiss domes (i.e., metamorphic core complexes) with cores of amphibolite and 
eclogite-facies gneisses that were partially melted and intruded by granitic plutons during 
exhumation. High-grade core zone rocks are flanked by a mylonitic carapace and normal faults 
and are juxtaposed against an upper plate that includes gabbro and serpentinized ultramafic 
rocks. Active sea-floor spreading within the Woodlark Basin has been propagating westward 
since ca. 8.4 Ma into heterogeneous crust of the Woodlark Rift. (U)HP protoliths, derived 
primarily from the Australian continental margin, were subducted at a north dipping 
subduction zone, with a transition from subduction to extension in the mid-Miocene. 
Metamorphic grade in subduction zone rocks decreases to the south from the DEI and also 
from west to east. Important factors to consider in (U)HP exhumation include the location of 
the former subduction thrust, density inversion, buoyancy of (U)HP rocks likely enhanced by 
partial melting during exhumation, and late-stage normal faulting. Numerous exhumation 
mechanisms have been proposed including diapirism, rotating microplates and subduction 
inversion, rifting and motion of the upper plate away from the former trench. While not 
typically applied to (U)HP terranes, low-temperature thermochronology (LTT) is useful in 
understanding the role of exhumation mechanisms in this terrane because exhumation is active 
and is spatially and temporally linked to a westward propaging rift. LTT ages (fission track and 
(U-Th)/He) decrease from ~8 Ma in the east, to between ~2 and 0.3 Ma in the DEI. Apaite 
fission track length distributions generally indicate rapid cooling, although on Goodenough 
Island length distributions and models require residence within a partial annealing zone, or 
reheating before final cooling/exhumation at ~0.75 Ma. The systematic westward-younging of 
LTT ages correlate with westward rift propagation. As LTT data from the DEI lie on this trend, 
extensional gneiss dome and core complex formation, and hence (U)HP exhumation are also 
controlled, to the first order, by rifting. LTT data trends, geologic observations and 
comparisons with (U)HP exhumation in the western Alps indicate that removal of the upper 
plate, aided by buoyancy of subducted material, and late-stage normal faulting all play a role in 
the Late Miocene – Recent (U)HP exhumation of the eastern Papua New Guinea (U)HP 
terrane. 
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Modern petrochronology shows that the exhumation of metamorphosed oceanic rocks in 
subduction zones is commonly a brief process ( 10-20 Ma) characterized by rates of 2 5 
km/Ma. This rapid exhumation is essential to avoid complete retrogression of high grade 
assemblages throughout ascension. Conversely, our new multi-approach thermobarometry and 
geochronology results on retrograde eclogites from the Northern Motagua Mélange (NMM, 
Guatemala) challenges those previous findings because they record remarkably slower 
exhumation slower rates ( 1 km/Ma). These retrograde eclogites occur as cm to tens of m 
sized blocks within a serpentinite matrix mélange that also contain blocks of subgreenschist to 
amphibolite and blueschist facies metabasites, vein related rocks (jadeitite, omphacitite, 
albitite, mica-rock), metatrondhjemites, and minor low grade metasediments. The NMM is 
tectonically associated with stacks of schists and gneisses containing minor eclogite boudins, 
metagranites, low grade metasediments, and ophiolites thrusted over into a Mesozoic passive 
margin sequence along the norther section of the Guatemala Suture zone in central Guatemala. 
This composite geotectonic unit represents a classic example of the back-arc closure 
characterized by the occurrence of obducted ophiolites and exhumed subduction assemblages 
along an oblique collisional zone. The NMM retrograde eclogites range from almost unaltered 
eclogites to retrograde blueschist and ep-amphibolite facies metabasites containing eclogite 
relicts. Some of them are cut by omphacitite veins. They show classical clockwise PT path 
composed by (a) prograde blueschist/eclogite facies within garnet cores, (b) eclogite facies 
metamorphic peak at ~2.1 GPa and 620°C, (c) post-peak blueschist facies, (d) amphibolite 
facies overprint, and (e) late stage greenschist facies. This complex polymetamorphic history 
provides an exhumation path initiated by a metamorphic peak at 131–125 Ma (Sm-Nd) and 
~70 km depth, an ascend to the middle section of a subduction channel (~40 km) at 99–92 Ma 
(Ph Ar-Ar), and exhumation to ~25-20 km at ~84-75 Ma (Mhb Ar-Ar). Synchronous jadeitite 
and mica-rocks yielded crystallization and exhumation ages of ~ 95 Ma (Zrn U-Pb) and ~77–
53 Ma (Ph Ar-Ar), respectively. In contrast, eclogite bearing high grade schists and gneisses 
unit show a younger eclogite metamorphic peak of 77–75 Ma at ~80 km depth, but similar 
exhumation ages of ~76–66 Ma and near surface regional exposure at 30 Ma (AFT). This 
new data argues for significantly low exhumation rate of 1 km/Ma, which satisfactorily 
explains the highly retrograde nature of most eclogites and the well documented rock-fluids 
interactions inside a serpentinite subduction channel. However, it defies the current 
buoyancy low viscosity and low density driven exhumation models. 
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The South Altyn Tagh is one of the typical HP-UHP metamorphic belt in China, with 
metamorphic rock types including eclogite (Liu et al., 1996, 2009, 2012; Zhang et al., 2002), 
garnet peridotite (Liu et al., 2002), granitic gneiss (Liu et al., 2004, 2005) and Ky-Grt-bearing 
pelitic gneiss(Liu et al., 2007). UHPM evidences such as the pseudomorph of coesite (Zhang et 
al., 2002), rutile + clinopyroxene exsolution textures in garnet (Liu et al., 2005) and kyanite + 
spinel exsolutions in former stishovite (Liu et al., 2007) have been reported in South Altyn 
Tagh, but the finding of diagnostic UHP index minerals such as coesite has remained elusive.  
In this study, coesite bearing eclogite is first discovered as lenses in felsic gneiss, South Altyn 
Tagh, which is mainly composed of garnet, omphacite, quartz, clinopyroxene, amphibole, 
plagioclase and accessory minerals such as apatite, rutile and ilmenite. Grt, Omp and Qtz are 
coarse-grained in the matrix while Omp is rimmed by Cpx+Pl1 and Amp+Pl2 symplectite. 
Polycrystalline quartz inclusions with concentric and radial fractures are usual in garnet and 
omphacite grains, represent pseudomorphs after coesite. Relict coesite in the eclogite is 
preserved as inclusion in omphacite, surrounded by polycrystalline quartz aggregates with 
concentric and radial fractures, and is distinguishable with high positive relief and light 
backscattered electron image. Laser Raman analysis shows characteristic peak of coesite in the 
high relief core at 512 cm-1 and of quartz in the polycrystalline rim at 464 cm-1. Based on the 
petrography, mineral chemistry and P-T estimation, three metamorphic stages can be 
recognized, the UHP eclogite-facies stage, with mineral assemblage of Grt+Omp+Coe+Ru, 
followed by granulite- facies (Grt+Cpx+Pl1+Qz) and amphibolite- facies (Grt+Amp+Pl2+Qz) 
retrograde stages, and a clock-wise P-T path is indicated. On basis of the consistent geological 
setting, the eclogite in this study is considered to have experienced similar metamorphic 
evolution with other HP-UHP metamorphic rocks in South Altyn Tagh, generated through 
deep continental subduction.  
 
Zhang J.X., Yang J.S., Xu Z.Q., Meng F.C., Li H.B., Shi R.D. (2002) Evidence for UHP metamorphism of 

eclogites from the Altun Mountains. Chinese Science Bulletin 47: 751-755. 
Liu L., Sun Y., Xiao P.X., Che Z.C., Luo J.H., Chen D.L., Wang Y., Zhang A.D. (2002) Discovery of ultrahigh-

pressure magnesite-bearing garnet Iherzolite (>3.8 GPa) in the Altyn Tagh, Northwest China. Chinese 
Science Bulletin 44: 881-886. 

Liu L., Zhang J.F., Green Ii H.W., Jin Z.M., Bozhilov K.N. (2007) Evidence of former stishovite in 
metamorphosed sediments, implying subduction to >350 km. Earth Planet Sci Lett. 263: 180-191. 

Liu L., Wang C., Chen D.L., Zhang A.D., Liou J.G. (2009) Petrology and geochronology of HP-UHP rocks from 
the South Altyn Tagh, northwestern China. J Asian Earth Sci. 35: 232-244. 

Liu L., Wang C., Cao Y.T., Chen D., Kang L., Yang W.Q., Zhu X.H. (2012) Geochronology of multi-stage 
metamorphic events: Constraints on episodic zircon growth from the UHP eclogite in the South Altyn, NW 
China. Lithos 136-139: 10-26 

  



55 
 

Petrological and zircon evidence for the Early Cretaceous granulite-facies metamorphism 
in the Dabie orogen, China 

 
1Gao, X.Y., 1Zheng, Y.F. 

 
1CAS Key Laboratory of Crust-Mantle Materials and Environments, School of Earth and Space Sciences, 
University of Science and Technology of China 
 
Partial melting of continental crust is common in both accretionary and collisional orogens, but 
the cause for its happening is still enigmatic with respect to geodynamics (heat source, 
anatectic duration and melt productivity). Thus, deciphering the crustal anatexis in fossil 
subduction zones has important implications for the tectonic evolution and intracrustal 
differentiation of continental lithosphere at convergent plate boundaries. An integrated study of 
petrology, mineralogy, geochemistry, and geochronology was carried out for contemporaneous 
mafic granulite and diorite from the Dabie orogen. The results provide evidence for granulite-
facies reworking of the ultrahigh-pressure (UHP) metamorphic rock in the collisional orogen. 
Most zircons from the granulite are new growth, and their U-Pb ages are clearly categorized 
into two groups at 122-127 Ma and 188 2 Ma. Although these two groups of zircons show 
similarly steep HREE patterns and variably negative Eu anomalies, the younger group has 
much higher U, Th and REE contents and Th/U ratios, much lower Hf(t) values than the older 
group. This suggests their growth is associated with different types of dehydration reactions. 
The older zircon domains contain mineral inclusions of garnet + clinopyroxene ± quartz, 
indicating their growth through metamorphic reactions at high pressures. In contrast, the young 
zircon domains only contain a few quartz inclusions and the garnet-clinopyroxene-plagioclase-
quartz barometry yields pressures of 4.9 to 12.5 kb. In addition, the clinopyroxene-garnet Fe-
Mg exchange thermometry gives temperatures of 738-951 oC. Therefore, the young zircon 
domains would have grown through peritectic reaction at low to medium pressures. The 
younger granulite-facies metamorphic age is in agreement not only with the adjacent diorite at 
125 1 Ma in this study but also the voluminous emplacement of coeval mafic and felsic 
magmas in the Dabie orogen. Mineral separates from both mafic granulite and its adjacent 
diorite show uniformly lower 18O values than normal mantle, similar to those for UHP 
eclogite-facies metaigneous rocks in the Dabie orogen. In combination with major-trace 
elements and zircon Lu-Hf isotope compositions, it is inferred that the protolith of mafic 
granulites shares with the source rock of diorites, both being a kind of mafic metasomatites at 
the slab-mantle interface in the continental subduction channel. The spatial and temporal 
distribution of Early Cretaceous granulite-facies metamorphic rocks in this region is associated 
with the bimodal magmatism within a short period of 120-130 Ma in the postcollisional stage. 
This provides a direct link in petrogenesis between the granulitic, migmatic and magmatic 
rocks in the collisional orogen to active continental rifting, whereby high heat flow was 
transferred from the asthenospheric mantle into the thinned orogenic lithosphere for partial 
melting. 
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We present an integrated geochemical study of ultra-high pressure (UHP) garnet pyroxenites 
from the Ronda and Beni Bousera peridotite massifs (Betic-Rif Belt, westernmost 
Mediterranean). Based on their bulk rock major and trace element composition and Sr-Nd-Pb-
Hf isotopic systematic, we classify UHP garnet pyroxenites into three groups.  Group A 
pyroxenites (Al2O3: 15 – 17.5 wt. %) have low initial 87Sr/86Sr, relatively high 143Nd/144Nd, 
206Pb/204Pb and 176Hf/177Hf ratios, and highly variable 207Pb/204Pb and 208Pb/204Pb ratios. Group 
B pyroxenites (Al2O3 < 14 wt. %) are characterized by high initial 87Sr/86Sr and low 
143Nd/144Nd, 206Pb/204Pb and 176Hf/177Hf ratios. Group C pyroxenites (Al2O3 ~ 15 wt. %) have 
low initial 87Sr/86Sr and 206Pb/204Pb, high 143Nd/144Nd and 176Hf/177Hf, and 207Pb/204Pb and 
208Pb/204Pb ratios similar to Group B pyroxenites. 
Major, trace element and isotopic composition of UHP garnet pyroxenites suggests that  they 
were derived from an ancient (1.5 – 3.5 Ga) oceanic crustal source recycled into the mantle and 
intimately mixed with peridotites by convection. However, their genesis requires involvement 
of an additional component of recycled lower continental crust with an isotopic composition 
akin to the lower crustal section of the lithosphere where these UHP garnet pyroxenites now 
reside. These crustal components were mixed in different proportions in the mantle from which  
pyroxenites formed, which resulted in a  geochemical imprint of oceanic (Group A) or 
continental (Group B) lower crust, or  hybrid compositions (Group C). The pyroxenite 
protoliths underwent several melting events, the first of which was likely related to the 
formation of sub-continental lithospheric mantle and crust and generated restitic UHP garnet 
pyroxenites now preserved in these orogenic peridotites. The extent of melting of pyroxenites 
was mostly controlled by the bulk Mg-no of their protolith, with low-Mg-no pyroxenite 
reflecting lower melting temperatures, high-extend of melting and garnet-dominated restitic 
composition. Bulk rock positive Eu anomalies are mostly preserved in high Mg-no pyroxenites 
because they underwent lower extent of melting due to their higher solidus temperatures. 
The results of our study show that the genesis of UHP garnet pyroxenites in orogenic 
peridotites requires recycling and mixing of oceanic and continental lower crust in the Earth´s 
mantle, and needs an alternative hypothesis to the origin of the marble cake mantle. 
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Isotopic (Pb, Sr and B) and trace element (B, Be, As, Sb, U, Th) signatures of serpentinites are 
useful geochemical tools to assess element exchange and fluid-rock interactions in subduction 
zone settings (Scambelluri and Tonarini, 2012; Scambelluri et al., 2014; Cannaò et al., 2016). 
They help unravel geological history, timing of accretion and tectonic evolution of subduction 
serpentinites and associated meta-oceanic crust. Crust-derived fluid influx within the 
subduction plate interface strongly enriches serpentinites in As, Sb, Be, B, U and Th and resets 
their B, Sr and Pb isotopic compositions. Serpentinites preserve this HP metasomatic signature 
during exhumation and, at higher PT, recycle such fingerprint into arc magmas. 
This study focuses on the subduction recrystallization, geochemical diversity and fluid-rock 
interactions recorded in ophiolitic HP and UHP Alpine serpentinites from the subducting 
oceanic plate (Cignana Unit, Zermatt-Saas Complex and Lanzo Ultramafic Massifs). The As 
and Sb composition of the HP-UHP Alpine ophiolitic rocks reveals the interaction between 
serpentinite and crust-derived fluids during their emplacement along the plate interface. This 
enables to define a hypothetical architecture of large ultramafic slices within the Alpine 
subduction interface. In this scenario, the Lanzo peridotite and serpentinite retain an As-Sb 
composition comparable to DM and PM: i.e. they had limited interactions with crustal fluids 
during subduction. Thus, Lanzo belonged to sections of the subducting plate, out of the plate 
interface. Serpentinites from the Lago di Cignana Unit and Voltri (Cannaò et al., 2016) are 
richer in As and Sb, showing moderate to strong interaction with crustal fluids during 
subduction. These serpentinite slices accreted at the plate interface and exchanged with slab-
derived fluids at different depths during Alpine subduction: Voltri accreted at shallower 
conditions (50-60 km; Cannaò et al., 2016) than the Lago di Cignana (about 100 km depth), 
and exchanged with sedimentary and crustal systems during the entire burial history. Their 
relatively lower density might act as buoyancy force, triggering the exhumation along the plate 
interface of much denser lithologies (eclogite and peridotite). 
 
Cannaò, E., Scambelluri, M., Agostini, S., Tonarini, S., Godard, M. (2016). Linking serpentinite geochemistry 

with tectonic evolution at the subduction plate-interface: The Voltri Massif case study (Ligurian Western 
Alps, Italy). Geochimica et Cosmochimica Acta 190:115-133. 
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Paleopiezometry consists in determining the differential stress that has occurred during rock 
deformation, by using stress-sensitive microstructural criteria. This is of great importance in 
the case of eclogite, since the ability/failure of a rock to accommodate stress would 
reduce/increase the "overpressure" that may occur during deformation. Models have suggested 
or assumed very inconsistent values, ranging from a few bar to several kbar, for the differential 
stress undergone by high-pressure rocks. Therefore, it seems useful to gauge the paleo-stress 
by applying a paleopiezometer. Two potential piezometers can be envisaged in the case of 
eclogites: 
(a) The first would consist in using the size of dynamically recrystallized omphacite grains, 
similarly to what is done with the piezometer based on the grain size of quartz. Clinopyroxenes 
deform mainly by dislocation creep (which reduces the mean grain size by generating new 
grains), but also by diffusion creep (which on the contrary increases the mean grain size), as 
suggested by micro-structural observations as well as by experiments on diopside, which have 
evidenced two flow laws. If equilibrium between these mechanisms occurs during steady-state 
deformation, the size of the grains could be used as a potential piezometer, provided that the 
other parameters (mostly the temperature T) are known. Unfortunately, this method is hardly 
applicable to omphacite, for several reasons: the flow law for omphacite is still not yet 
calibrated experimentally; it might be sensitive to composition; and, mostly, it strongly 
depends on T. 
(b) The second possible piezometer could use the mechanical twinning of rutile, and would be 
similar to the calcite-twin piezometer. The twin planes of rutile ({011} and {031}) are repeated 
by the high symmetry (trigonal) of this mineral, so that mechanical twinning is easily activated 
whatever the crystal orientation. Mechanical twins would exist when the critical resolved shear 
stress (CRSS) on one of the twinning planes is exceeded, thus allowing an estimation of the 
stress. Although it may decrease with increasing T, CRSS would be weakly sensitive to other 
parameters. There is only one major obstacle to its use: CRSSs on the two twinning planes of 
rutile are still not yet determined experimentally. This seems however the most promising 
paleopiezometer for eclogites. 
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Regularly interstratified phyllosilicate minerals are limited in nature. In metamorphic terrains 
the only known such minerals are kulkeite (ordered 1:1 chlorite/talc; Tell Atlas, Algeria) and 
saliotite (ordered 1:1 cookeite/paragonite mixed-layer; Abraham et al., 1980; Schreyer et al., 
1982; Goffé et al., 1994). So far, saliotite was reported only from two HP/very LT terrains with 
geotherms <10°C/km: in schists of the eastern Alpujarrides (Betic chain; Goffé et al., 1994) 
and in HP/LT metapelites of W. Crete, (Goffé et al.,1994; Jullien et al., 1996). 
A new, third worldwide, occurrence of saliotite is described here from metabauxites at the NE 
part of Amorgos, Cyclades. The metabauxites consist mainly of diaspore, hematite, minor 
chlorite, locally rock-forming ferrocarpholite, pyrophyllite, paragonite, and muscovite. They 
are cross-cut by syn-metamorphic to late random vein generations. Saliotite occurs in syn-
metamorphic cm-thick brittle-ductile shear zones with Fe-rich chlorite, paragonite, phengite, 
cookeite, diaspore and quartz. In the associated open veins it is intergrown with cookeite or 
paragonite. In hand specimen it is whitish and resembles cookeite. In thin section, its low 
birefringence ( =0.008), black/grey interference colours and positive elongation are 
determinative features. Saliotite was confirmed by X-ray diffraction analysis, (HR)TEM, 
electron and ion microprobe analyses. Its chemical formula is: Si3Al3.81Fe0.05K0.05Na0.43 

Li0.49O9.75(OH)5 fitting very well to the theoretical formula: Si3 Al4Na0.5Li0.5O10(OH)5.  
The PT conditions of HP/LT metamorphism in the Amorgos metabauxites are around 15 kbar 
and 330°C. The minerals coexisting with saliotite in syn-metamorphic brittle-ductile shear 
zones, especially the typical HP/LT mineral ferrocarpholite indicate that it was stable during 
the metamorphic peak. Moreover, the persistence of diaspore+quartz, indicative of very strong 
cooling (Theye et al 1997) in the same vein-type, gives saliotite particular importance and 
place it among the few minerals surviving metamorphism during exhumation along very cool 
geothermal gradients. Compared to the other two saliotite occurrences, this of Amorgos is 
characterized by comparable T but much higher P, due to the stability of the diaspore-quartz 
assemblage.  
The rarity of saliotite in HP/LT rocks is probably due to the fact that its preservation requires 
very strong cooling during decompression. This is in line with the generally accepted view that 
the bauxite-bearing carbonate rocks of Amorgos are part of the Basal Unit of the Cyclades, 
which is comparable to the Olympos-Almyropotamos Unit (e.g., Ring et al., 2010) and distinct 
in P-T conditions of metamorphism from the Cycladic Blueschist rocks. 
 
Abraham K.W. et al. (1980) Fortschr..Mineral., Beiheft 1, 58, 4-5; Goffé B. et al. (1994) Eur. J. Mineral., 6, 897-
911; Jullien, M. et al. (1996) Amer. Mineral., 81, 67-78; Ring U. et al. (2010) Annu. Rev. Earth Planet. Sci. 2010. 
38:45–76; Schreyer W. et al. (1982) Contr. Mineral. Petrol., 80, 103-109; Theye, T. et al. (1997) Journal of 
Metamorphic Geology, 15: 17–28.   
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Barium (Ba) isotopes have attracted increasing attention over the past few years, providing 
new methods on studying a number of fundamental Earth science problems, including crust-
mantle material recycling, crustal evolution and fluid activity. Ba shows high mobility during 
fluid/melt activity within subduction-zone, whereas its isotopic behavior is still unclear, which 
limits the application of Ba isotope in tracing crust-mantle material recycling. To constrain the 
Ba isotopic fractionation behavior during fluid activity in subduction-zone, two sets of 
eclogites and related metamorphic veins from Ganghe and Hualiangting areas in central China, 
which both belong to the Central Dabie UHP metamorphic zone, were analyzed for Ba 
isotopes. Previous studies have demonstrated that these HP veins were formed by fluid 
liberation from the breakdown of lawsonite in the host UHP eclogite (Guo et al., 2012, 2015). 
Ba isotopes were measured using a Neptune plus MC-ICP-MS with a double spike method. 
Based on the measurements of synthetic standards, the long-term precision of Ba isotope data 
δ137/134Ba (denoted as [(137/134Ba)sample/(137/134Ba)SRM3104a-1]×1000) is better than 0.045‰ (2σ). 
The Ba isotopic compositions of Ganghe eclogites have a narrow range (δ137/134Ba= −0.007 to 
+0.025‰), which plots in the δ137/134Ba value range observed for MORBs (δ137/134Ba= 
+0.025±0.027‰; Huang et al., 2015); Ganghe vein has δ137/134Ba value of 0.126±0.008‰, with 
Ba isotopic fractionation value between vein and eclogite (Δ137/134Bavein-eclogite) of +0.133‰. 
Hualiangting eclogites have heterogenous Ba isotopic compositions with δ137/134Ba values 
ranging from −0.103 to +0.039‰, while Hualiangting veins display significant Ba isotope 
variation (up to 0.384‰; δ137/134Ba = −0.129 to +0.253‰), showing Δ137/134Bavein-eclogite value 
ranging from −0.168 to +0.356‰. Overall, the results show that the veins display significant 
Ba isotope variation, leading to distinct Ba isotopic fractionation. Combined with the previous 
petrological and geochemical studies, dehydration during UHP-HP stage may cause heavy 
δ137/134Ba enriched in the veins, while the light δ137/134Ba value in vein may be related to 
amphibolite-facies retrograde metamorphism. 
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The replacement of rutile by Fe-Ti oxides is a common phenomenon during the retrogression 
of eclogites. Here, we investigated an unusual case regarding the replacement of Fe-Ti oxides 
by rutile during greenschist-facies metamorphic overprinting of veins in amphibolites 
(retrograded eclogites) from the Dabie ultra-high pressure (UHP) terrane, eastern China. The 
veins mainly consist of plagioclase, Fe-Ti oxides, and quartz and they crystallized from a Ti-
rich amphibolite-facies fluid that formed during exhumation of the eclogites. Two types of 
textures involving the replacement of Fe-Ti oxides by rutile are recognized in the veins: (1) the 
first type is characterized by the development of rutile coronas (Rt-C) and other silicates (high-
Fe epidote, muscovite, and chlorite) around the external boundaries of the Fe-Ti oxide grains, 
and (2) the second type is characterized by the formation of symplectitic intergrowths of rutile 
(Rt-S) and magnetite after exsolved hemo-ilmenite (H-Ilm) lamellae in the Fe-Ti oxides. The 
micro-textures, mineral assemblages, and Zr-in-rutile thermometry indicate that both 
replacement reactions involved mineral re-equilibration processes in the presence of an 
infiltrating fluid phase at ~476-515 °C, taking place by an interface-coupled dissolution-
precipitation mechanism. Thermodynamic modeling reveals that both replacement reactions 
occurred during oxidation processes under relatively high oxygen fugacity (fO2) conditions, 
approximately 2.5-4.5 log fO2 units higher than the FMQ (fayalite-magnetite-quartz) reference 
buffer. In situ Sr isotopic analyses of epidote (Ep-C) coexisting with the Rt-C suggest that the 
infiltrating fluid involved in the greenschist-facies replacement reactions was externally 
derived from the surrounding granitic gneisses (the wall rocks of the amphibolites). Compared 
with the rutile in the UHP eclogites and amphibolites (Rt-E and Rt-A), the Rt-C is 
characterized by distinctly lower contents of Nb (<10 ppm) and Ta (<2 ppm) and Nb/Ta ratios 
(<10) and higher contents of Cr (>340 ppm) and V (>1580 ppm). These results provide a 
geochemical fingerprint for distinguishing the low-pressure (LP) rutile from relic high-grade 
phases in retrograded HP-UHP rocks.  
Our results reveal that rutile can form during LP retrograde stage in UHP rocks by fluid-
induced replacement reactions. The unusual replacements of Fe-Ti oxides by rutile-bearing 
assemblages during retrogression provide important constraints on fluid-mineral reactions and 
fO2 conditions in exhumed UHP slabs. 
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The Sesia Zone (Western Alps) represents a piece of continental crust that was subducted up to 
eclogite-facies conditions during the Alpine orogeny and records a complex polyphase 
metamorphic history. Two major lithological units of the Sesia Zone, the Eclogitic Micaschists 
and the Gneiss Minuti, are separated by a major shear zone represented by blueschist-facies 
mylonites. In this study, we compare in situ 40Ar/39Ar phengite ages with Rb/Sr internal 
mineral isochron ages in order to evaluate the significance of these ages in terms of their 
relationship to tectonometamorphic stages and fluid-rock interaction events. All the 
investigated samples are well characterized in their structural context and they show distinct 
stages of metasomatic overprinting (Babist et al., 2006; Konrad-Schmolke et al., 2011). 
Our results show that major re-crystallization/deformation events are recorded in an episodic 
manner. Eclogite-facies recrystallization occurred at 85±3 Ma (Halama et al., 2014), followed 
by a static, fluid-induced metasomatic overprint at 75±2 Ma. Early deformation along the km-
scale shear zone is recorded at 65±3 Ma by in situ 40Ar/39Ar data of mylonitic phengite, with 
the major blueschist-facies deformation dated at 60±2 Ma by Rb/Sr internal mineral isochron 
ages in the mylonites. Deformation along the shear zone lasted >15 Ma as late increments of 
deformation at ~47 Ma are recorded in a greenschist-facies mylonite. 
This study shows the usefulness of applying geochronological methods that are linked to the 
petrological evolution, the P-T path and the deformation history of metamorphic rocks to 
address challenges of interpreting geochronological data from polymetamorphic terranes. 
Moreover, the application of different geochronological methods to a set of structurally distinct 
samples provides a wealth of age information that illustrates the complexity recorded in the 
polymetamorphic history of polymetamorphic terranes such as the Sesia Zone. 
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The North Qaidam UHP terrane, in western China, exposes minor UHP eclogites hosted by 
ortho- and paragneisses. In the southeastern part of the terrane, the Dulan area exposes eclogite 
with the mineral assemblage Grt + Omp ± Ky ± Ph ± Zo ± Qz/Coe.  
LASS U-Pb analyses of zircons yield weighted mean ages of 463-425 Ma, and REE patterns 
indicate that these ages record the eclogite-facies metamorphism. Inherited zircon cores yield 
ages of 928-905 Ma, REE patterns indicate that the eclogite´s protolith had a magmatic origin. 
Zr-in-rutile thermometry reveals that Dulan eclogites record peak temperatures of 647-711°C. 
Spatially distributed peak temperatures show an east-west temperature gradient of ~1 °C km-1 
and a slow temperature increase of ~1 °C Myr-1. Our results indicate that retrogression can 
modify the original rutile´s Zr and Nb content, and therefore the obtained Zr-in-rutile 
temperatures. 
Phase equilibria modelling and Zr-in-rutile thermometry of four eclogites indicate they reached 
peak metamorphic conditions at ~26-32 kbar and ~630-690 °C. Phase equilibria diagrams can 
provide useful constraints on the P-T evolution of eclogites. Garnet mode isopleth coupled 
with Grs content isopleth appear to be a powerful approach to build P-T paths in eclogites that 
the original garnet composition has been modified by diffusion. The prograde path determined 
from one sample indicates that the eclogite followed a gradient of ~4-8 °C km-1, and underwent 
prograde metamorphism through the lawsonite stability field. The presence of amphibole and 
zoisite suggest that hydration happened during the early-retrogression, at ~23 kbar and <750 
°C. Pressure fluctuations in the P-T path (due to Ca oscillatory zoning) suggest that the Dulan 
experienced subduction and exhumation cycles.  
Our results indicate that the Dulan area experienced slow heating, a protracted eclogite-facies 
metamorphism (~38 Myr), and exhumed as a medium thickness (3-4 km) body. 
  



64 
 

UHP metamorphism in the Tromsø Nappe, Scandinavian Caledonides – recent progress 
 

1Janák,M., 2Ravna, E.J.K., 2,3Kullerud, K., 1Petrík, I., 4Yoshida, K., 5Sasinková,V. 
 

1Earth Science Institute, Slovak Academy of Sciences, Bratislava, Slovak Republic,  
2Department of Geosciences, UiT, The Arctic University of Norway, Tromsø, Norway, 
3Norwegian Mining Museum, Kongsberg, Norway,  
4Japan Agency for Marine-earth Science and Technology, Yokosuka, Japan,  
5Institute of Chemistry, Slovak Academy of Sciences, Bratislava, Slovak Republic 
 
The Tromsø Nappe in northern Norway as the highest tectonic unit of the Uppermost 
Allochthon in the Scandinavian Caledonides was emplaced during the collision between 
Laurentia and Baltica (Scandian orogeny) resulting in southeastwards transport of nappes onto 
Baltica. The first evidence for UHP metamorphism in the Tromsø Nappe was documented in 
eclogites. Subsequently, diamond was found in metasedimentary gneiss at Tønsvika and 
recently in garnet pyroxenite of mantle origin at the same locality. Diamond-bearing gneiss 
and pyroxenite together with eclogite and marble are intruded by carbonatite melt. These 
observations provide a unique opportunity to understand interactions between deeply 
subducted carbonated crust and mantle, producing carbonatite and diamond. 
The diamond-bearing gneiss is finely laminated with layers rich in garnet (Prp15-30,Grs18-20), 
Mg-rich biotite, phengitic white mica, paragonite, kyanite, Tschermakitic Ca-amphibole, 
zoisite and diopsidic clinopyroxene (Jd 7-10), alternating with layers composed of plagioclase 
and quartz. Minor constituents are rutile, ilmenite, carbonate (dolomite, magnesite), 
tourmaline, zircon, monazite, apatite and sulphides, diamond occurs as inclusions in garnet and 
zircon. Garnet pyroxenite is coarse-grained, consisting mainly of deep green Cr-diopside (Jd 9-

11; Cr2O3 up to 0.8wt %) and Mg-rich garnet (Prp47-60,Grs13-16; Cr2O3 up to 1wt %). 
Clinopyroxene shows oriented rods of phlogopite, orthopyroxene, amphibole and rutile. Garnet 
shows oriented rods of rutile and numerous inlusions concentrated as swarms, containing Mg-
Fe carbonate, rutile, talc, Ca-amphibole, gedrite, Mg-staurolite, kyanite, sapphirine, spinel 
margarite and diamond. Diamond occurs as monomineralic, single-crystal inclusions, or it is 
present in polyphase inclusions. Diamond is mostly associated with Mg-Fe carbonate 
(magnesite, dolomite), among other phases, rutile, Fe-sulphide, white mica, quartz, apatite and 
SiC (moissanite) were identified. Diamond is also present in fluid inclusion with CO2, found in 
the pyroxenite garnet. The calculated P-T conditions for the diamond-bearing samples are 
≥3.5-4.0 GPa/ 750-830°C. We argue that diamond formed likely due to precipitation from 
supercritical COH fluid and/or carbonatite melt at reducing conditions when subducted 
carbonaceous sediment and carbonated eclogite underwent UHP metamorphism at mantle 
depth. 
Th-U-Pb dating of monazite in diamond-bearing gneiss yields 466 ± 4 Ma age; low Eu 
anomaly and low Y content in monazite suggest equilibrium with garnet. This, together with a 
published zircon age from eclogite (452 Ma), suggest that the UHP metamorphism in the 
Tromsø Nappe is Late Ordovician (c. 470-450 Ma). The processes leading to Ordovician UHP 
metamorphism occurred during closure of the Iapetus Ocean, prior to Baltica-Laurentia 
collision. We argue that subduction of oceanic crust and continent-ocean transition zone below 
an island arc was a likely scenario.  
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The Scandinavian Caledonides comprise thrust sheets transported onto the Paleozoic platform 
successions of the Baltoscandian margin. These thrust sheets are subdivided into the Lower, 
Middle, Upper and Uppermost allochthons. The tectonostratigraphically highest part of the 
Middle Allochthon is the Seve Nappe Complex, the target for the Collisional Orogeny in the 
Scandinavian Caledonides (COSC-1) scientific drilling project. A continuous ~2.4 km long 
drill core through the metamorphic Lower Seve Nappe has been retrieved. The Seve nappes are 
considered to have been still hot when emplaced and, consequently, the COSC-1 profile 
provides an unique opportunity to relate the pressure-temperature-time-deformation (P-T-t-D) 
history of this critical allochthon to the tectonic structures that formed during emplacement 
under mid-crustal condition. Moreover, this research will endeavor to establish a coherent 
model of mid-Palaeozoic (Scandian) mountain building. Our research focuses on deciphering 
the complete P-T-t-D evolution of the Lower Seve Nappe based on a combination of 
established and innovative methodologies including P-T estimates (QuiG barometry and 
TitaniQ thermometry) and in situ Ar/Ar dating of muscovite.  
The finite ductile strain pattern of the Lower Seve Nappe results from the superposition of two 
major tectono-metamorphic events M1-D1 and M2-D2. The initial event at c. 460 Ma is defined 
by the S1 foliation that is still preserved in garnet and albite porphyroblasts. Thermobarometric 
estimates, based on Raman-band shifts (QuiG) and titanium concentrations (TitaniQ) in quartz 
inclusions preserved in garnet, suggest that the Lower Seve Nappe was metamorphosed under 
a relatively steep P-T gradient. Indeed, the P-T conditions that we measured along the COSC-1 
profile show a prograde garnet growth during the M1 event from blueschist (7.2 kbar, 520°C) 
to lower eclogite facies (12.5 kbar, 625°C) conditions, which is characteristic of prograde P-T 
trajectories in the subduction channel. Therefore, M1-D1 features are interpreted as the 
consequence of the Lower Seve Nappe subduction. The M1-D1 assemblage has been 
overprinted by the M2-D2 event associated with the development of the S2 foliation, locally 
mylonitic and defined by a muscovite-biotite-chlorite bands alternating with recrystallized 
quartz ribbons that wrap around the porphyroblasts. M2-D2 assemblage shows that the Lower 
Seve Nappe has been re-equilibrated at 6-8 kbar and 500-600°C at c. 423-424 Ma. The M2-D2 
event corresponds to the final exhumation and thrusting of the Lower Seve Nappe above the 
underlying allochthons. 
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Ultra-high pressure metamorphism (UHPM) within the Scandinavian Caledonides is 
recognized in three structural levels including (1) the Tromsø Nappe within the Uppermost 
Allochthon, (2) the Seve Nappe Complex (SNC) within the Middle Allochthon and (3) the 
Western Gneiss Complex representing deepest structural level of the Caledonized Baltic 
basement. Microdiamonds within the SNC were firstly discovered in the kyanite paragneiss in 
south-western Jämtland, at Tväråklumparna Mt. and secondly at Åreskutan Mt. Here we report 
the third occurrence of the Seve Nappe metamorphic microdiamonds, in Saxnäs, south-western 
Västerbotten, located 250 km northeast of Tväråklumparna.  
Saxnäs gneiss is composed of garnet, kyanite, phengite, plagioclase, K-feldspar, biotite, quartz, 
graphite, ±calcite with accessory rutile, apatite, monazite and zircon. Additionally, nine 
diamond inclusions in garnet were identified by micro Raman spectroscopy. They range in size 
from 1 to 4 μm. Diamond occurs as a single-crystal inclusion but also in polyphase inclusions 
together with CO2-carbonate and graphite-carbonate. Another diamond-bearing host mineral is 
zircon. Diamond and graphite inclusions were found in zircon that itself is located within the 
K-feldspar. Garnet porphyroblasts are rich in various additional microinclusions including e.g. 
rutile, CO2, CH4, CO2-graphite-carbonate, and CO2-CH4-N2-graphite-pyrophyllite/white mica-
siderite. Results of thermodynamic modelling confirm the UHP history of the Saxnäs gneiss 
and the peak P-T conditions plot within the diamond stability field. The rock is rich in 
monazite (Σ14REE = 450 ppm), which occurs both enclosed in garnet rims and in matrix. 
Chemical Th–U–Pb dating of all monazite yields an age of c. 470 Ma. This is interpreted to 
record post UHP conditions of the diamond-bearing gneiss, thus as a lower age limit of 
UHPM. 
Recognition of the new UHP diamond-bearing gneiss within the SNC located further north 
adds another piece of evidence to the regional interpretation of the SNC as the far-travelled 
UHP allochthonous unit. The timing of the HP-UHPM along the entire SNC spans from c. 500 
Ma to 450 Ma and still needs to be constrained more precisely. Lu-Hf garnet geochronology of 
the HP-UHP eclogites and peridotites (Fassmer et al., this volume) as well as diamond-bearing 
gneisses (in progress) will add an important constraint on the tectonometamorphic evolution of 
the Scandinavian Caledonides.  
This work is financially supported by the NCN "CALSUB" research project no. 
2014/14/E/ST10/00321 and the Slovak Research and Development Agency project APVV-14-
0278.  
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Fluids released in subduction zones from the downgoing plate infiltrate into a mechanical mixture 
of rocks with different chemical compositions, different hydration states and different rheological 
behaviour resulting in a highly reactive mélange within a steep temperature gradient. Fluid 
pathways, reaction mechanisms and reaction rates of such fluxes, however, are poorly known, 
although these parameters are fundamental for the qantification of element transport in subduction 
zones. 
We visualized syn-metamorphic fluid-pathways in the form of interconnected porosity in eclogite 
and blueschist facies mélange rocks from the Franciscan Complex near Jenner, CA. The sampled 
rocks occur as rigid mafic blocks of different sizes (cm to decametre) in a weak chlorite-serpentine 
matrix interpreted to be an exhumed slab-mantle interface. Some of these mafic blocks record 
reactive fluid infiltration that transforms dry eclogite into hydrous blueschist with a sharp reaction 
front clearly preserved and visible from outcrop- down to m-scale. 
We can show that a number of interconnected fluid pathways, such as (partly healed) brittle 
fractures in omphacite and an interconnected metamorphic porosity between reacting omphacite 
and newly formed sodic amphibole enabled fluid infiltration and interface coupled solution-
reprecipitation reactions at blueschist facies conditions. The eclogite parts of the samples also 
preserve porous omphacite as a product from amphibole and epidote breakdown during subduction.  
We investigated the different types of fluid pathways with TEM and visualized their 
interconnectivity with 3D focused ion beam (FIB) sections. Primary porosity in omphacite I results 
from a negative volume change in the solids during amphibole and epidote dehydration. The 
resulting pores appear as (fluid filled?) elongated inclusions the orientations of which are 
controlled by the omphacite lattice. During decompression of the rocks these inclusions became 
interconnected by brittle fractures that allowed fluid exchange and the precipitation of new 
omphacite (II) within the fracture network and along the rims of the primary omphacite. The 
metamorphic/metasomatic porosity occurs along the reaction surfaces between omphacite and 
sodic amphibole as well as within omphacite grains where new omphacite (III) is formed. The 
interconnected pore network associated with the re-hydration reaction is up to 1 m but mostly 
between 100 and 500nm wide. 
Reacting omphacite is preferentially consumed in 00-1 direction and has a rugged, often needle-
like surface. In contrast, product surfaces (omphacite III and sodic amphibole) are relatively 
smooth. Within some of the pores amorphous silica-rich material containing small amounts of Al, 
Ca, Fe and Mg, can be found as worm-like precipitates and as coatings on top of the needle-like 
omphacite surface. Phase relations, textures as well as overprinting relations clearly show that the 
porosity is syn-metamorphic under blueschist-facies conditions. Although difficult to constrain in 
the samples porosity is likely between 1-5 volume%. 
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Crustal foundering is an important mechanism in the differentiation and recycling of 
continental crust, but little is known about the timescale of foundering and its role in the 
dynamics of active margins and orogens. Lower crustal xenoliths erupted in the Pamir provide 
a unique opportunity to study the evolution of crust at mantle depths during an active 
continent-continent collision. The rocks are well-preserved and comprise a diverse set of 
lithologies, including eclogites and high-pressure granulites. The rocks re-equilibrated at high-
pressure conditions (2.5-2.8 GPa, 1000-1100 °C; Hacker et al., 2005) before becoming 
erupted. We subjected 6 xenoliths to coupled in-situ U-(Th-)Pb geochronology and trace-
element analysis of zircon, monazite and rutile by laser-ablation (split-stream) ICP-MS. 
Analyses were done on single mineral zones in thin section to maintain textural context and the 
ability to interpret the data in this framework. Rutile thermochronology exclusively dated 
eruption (11.17 ± 0.06 Ma), which demonstrates the reliability of the U-Pb rutile 
thermochronometer and its ability to date magmatic processes. Zircon and monazite revealed a 
series of distinct age clusters between 60-11 Ma, with the youngest being identical to the 
eruption age. Single populations occur among different samples, but are never represented by 
both zircon and monazite in a single sample showing the importance of a multi-mineral 
approach. The age data from zircon and monazite, the rare earth element systematics, and Ti-
in-zircon data together record the history of the rocks at a million-year resolution. The data 
show that the rocks resided at 30-40 km depth along a stable continental geotherm until 24-20 
Ma. Subsequently, they were melted, densified, and buried to 80-90 km depth – 20 km below 
the present-day Moho. The material descended rapidly, accelerating from 0.9-1.7 mm yr-1 to 
4.7-5.8 mm yr-1 within 10-12 Myr, and continued descent after reaching mantle depth at 14-13 
Ma. The data reflect the foundering of differentiated deep-crustal fragments (2.9-3.5 g cm-3) 
into a metasomatized and less dense mantle wedge. Foundering introduced vestiges of old 
evolved crust into the mantle wedge on a relatively short time scale (c. 10 Myr). The recycling 
process could explain the variability in the degree of crustal contamination of mantle-derived 
magmatic rocks in the Pamir and neighbouring Tibet during the Cenozoic without requiring a 
change in plate dynamics or source region. 
 
Hacker, B.R. et al. (2005) Near-ultrahigh pressure processing of continental crust: Miocene crustal xenoliths from 

the Pamir. Journal of Petrology 46:1661-1687. 
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The coesite is very important ultra-high pressure mineral indicator, occurring as small relics in 
crustal metamorphic rocks (Smith, 1984; Chopin, 1984) as well as in mantle xenoliths (Smyth 
& Hatton, 1977; Smyth, 1977). Previous studies have shown that coesite-to-quartz 
transformation is mostly controlled by (i) high exhumation rate (Rubatto & Hermann, 2001); 
(ii) inclusion in robust host-minerals (Gillet et al., 1984) and (iii) lack of H2O-rich fluid 
(Mosenfelder et al., 2005). Findings of coesite as inclusions in a relatively weak dolomite 
(Schertl & Okay 1994, Liu et al., 2017) pose difficulties for the “pressure vessel” hypothesis. 
Recently discovered intergranular coesite (Liu et al., 2017) highlighted the role of reaction 
kinetics in preserving coesite due to the availability of water in UHP rocks. In this study we 
would like to focus our attention on the reaction kinetics in mantle-derived eclogite xenoliths 
transported by kimberlitic melts to the Earth’s surface. 
Petrographic and Raman spectroscopic study of the eclogite xenoliths from Udachnaya-East 
kimberlite pipe reveals that SiO2 inclusions in kyanite and garnet were completely transformed 
to mono- or polycrystalline aggregates, while relics of coesite still remain in the matrix. 
Coesite relics of were also detected in garnet-coesite symplectite-like textures. Similar garnet-
quartz intergrowths were reported previously by Alifirova et al. (2015). The factors controlling 
the coesite-to-quartz transformation will be discussed in our presentation.  
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The type locality for high-pressure (HP) metamorphism on western Svalbard is the 
Motalafjella area, where the Vestgötabreen Complex crops out (Kanat & Morris, 1988). 
However, both northern (Ohta et al., 1995) and southern (Kośmińska et al., 2014) 
continuations of the Vestgötabreen Complex have been postulated.  
This Complex is divided into two structural units, namely the Lower and Upper units. The 
former consists of high pressure - low temperature (HP-LT) metasediments, phyllites and calc-
schists, whereas the latter is composed of metasediments with scattered lenses of blueschists 
and eclogites. Radiometric dating yielded an early Caledonian age of c. 470 Ma for the HP 
metamorphism (Horsfield, 1972; Dallmeyer et al., 1990; Bernard-Griffiths et al., 1993). The 
pressure-temperature (P-T) conditions for the metapelites from the Lower unit were estimated 
to c. 16kbar at 380-450°C and correspond to very low c. 7-8°C/km subduction geotherm 
(Agard et al., 2005). The P-T conditions for the Upper unit have been obtained only for 
eclogites which yielded the peak metamorphism conditions of c. 18-24kbar at 580-640°C 
(Hirajima et al., 1988).  
Here, we present new P-T constrains for eclogite, blueschist and metapelite from the Upper 
unit of the Vestgötabreen Complex. Quartz in garnet (QuiG) Raman geobarometry coupled 
with zirconium in rutile (Zr-in-Rt) trace element thermometry have been used to infer the 
garnet nucleation conditions for those three HP lithologies. This combined approach revealed 
the garnet nucleation conditions of c. 21kbar at 550-560°C for eclogite, c. 16.5kbar at 520-
550°C for blueschist and c. 15.5kbar at 540-545°C metapelite. The calculated results are 
indicating geotherms of ~8-9°C/km for eclogite, ~9-10°C/km for blueschist and ~10°C/km for 
metapelite, respectively.  
Our new data are in agreement with the previous P-T estimates of eclogites and contribute new 
P-T information about the early Caledonian HP metamorphic event on Svalbard. It also 
provided further evidence for cold Paleozoic subduction. The calculated gradients of 8-
10°C/km for the Upper unit are slightly higher than 7-8°C/km for the Lower unit, which may 
reflect different structural position of the two units in the Caledonian subduction realm or 
slower subduction rate for the Upper unit.  
This work is funded by NCN research project no. 2013/11/N/ST10/00357 and Fulbright Junior 
Research Award. 
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A remarkable assemblage of crustal and mantle rocks with UHP signature, involving diamond-
bearing gneisses, eclogites and peridotites, is exposed in northern Bohemian Massif, European 
Variscan belt. Similar peak P-T conditions along with petrological data indicate spatial 
proximity and common subduction history of crustal and mantle rocks (Kotková et al., 2011; 
Kotková and Janák, 2015; Haifler and Kotková, 2016; Medaris et al., 2015). Here we 
document multiple solid solution (MSI) assemblages occurring in garnet in ultramafic rocks. 
These MSI are polygonal, equant to elongated, 10-40 μm in diameter, dominated by carbonates 
(dolomite±magnesite), Ba-rich mica (kinoshitalite to Ba-rich phlogopite) and amphibole. 
Minor phases involve graphite, spinel to magnesiochromite, thorianite, apatite and pentlandite. 
Ba-rich mica contains 0.24 - 0.62 apfu Ba, and both Ba content and XMg (0.85-0.95) are well 
correlated with whole-rock parameters. Amphibole is pargasite with Si = 6.08-6.27 apfu, AlVI 
= 0.80-1.30 apfu, Ca =1.36-1.82 apfu, Na = 1.03-1.43 apfu, minor Ba = 0.02-0.1 apfu and XMg 
~ 0.93. Chlorine enrichment over F is characteristic of all volatile-bearing phases (Cl/F ˃ 5.8 in 
Ba-rich mica, 1.1-2.6 in amphibole and 10 in apatite). Moreover, Ba-rich mica, dolomite and 
chlorapatite contain minor Sr. Bulk composition of the MSI in a lherzolite sample indicates 
that they have similar XMg, MgO/FeO, MgO/SiO2 and SiO2/Al2O3 ratios, but variable CaO 
contents: this is also reflected in different proportions of carbonates. Enrichment of the MSI 
minerals in LILE (Ba, K, Sr, Th) and volatiles (H2O, CO2, Cl > F) suggests interaction of the 
mantle rocks with material derived from downgoing crustal slab. Follow-up research foreseen 
will allow testing of this hypothesis, refining of P-T conditions of the entrapment of the MSI, 
and constraining character of the media responsible for element transfer 
(fluids/melts/supercritical fluids) as well as element sources.  
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Recent advances in analytical techniques have allowed great increases in the rate at which 
petrochonologic data can be obtained, and as such, our ability to deconvolve complicated 
processes, such as the subduction and exhumation of continental crust, has also greatly 
increased. Over the last decade, we have analyzed >200 samples collected from the Western 
Gneiss Region (WGR) ultrahigh-pressure (UHP) terrane in western Norway, using laser-
ablation split-stream inductively coupled plasma mass spectrometry (LASS-ICPMS). For each 
sample, this technique has been applied to one or more of 4 mineral petrochronometers—
zircon, monazite, titanite, rutile—each of which tells a specific part of the metamorphic history 
of one of the biggest and well exposed UHP terranes on the planet.  
Ages and rare-earth-element (REE) signatures of zircon in eclogite reveal a span of garnet-
stable growth from >420–400 Ma, indicative of burial toward peak depths, and possibly the 
first stages of exhumation. Zircon U-Pb and REE data from low-pressure dikes that cut 
eclogites indicate that melting during amphibolite-facies exhumation followed closely on the 
heels of eclogite-facies zircon growth, with ages ranging from 405–390 Ma. Monazite data 
from gneiss record both prograde and retrograde growth, with garnet-stable monazite growth 
starting as early as 430 Ma, and late monazite indicating garnet breakdown between ~400–380 
Ma; growth appears to have ceased earlier in the east (foreland) than in the west (hinterland). 
For the same samples, monazite typically yield earlier prograde ages and later retrograde ages, 
complementing the zircon dataset and providing greater details of the rock P-T-t path. Rutile 
U-Pb data yield cooling ages that are 0–10 Myr older than nearby 40Ar/39Ar muscovite ages; 
the difference decreases toward the hinterland, indicating that cooling was faster there. 
Conversely, trace elements (TE) in rutile yield information about the prograde path, most 
notably temperature, which generally increases toward the core of the orogen, but varies 
considerably in and among samples, indicating punctuated and/or disequilibrium growth 
during burial. Finally, titanite dates show large areas of ancient crust unaffected by subduction 
and exhumation, and also yield the timing of retrograde growth; TE contents indicate whether 
grains underwent neocrystallization or recrystallization during exhumation. 
To summarize, the WGR was buried to garnet-stable depths by 430 Ma (early monazite ages, 
TE). Metamorphism continued through eclogite facies, to peak pressures and temperatures 
(rutile TE) from 420–400 Ma (zircon ages, TE). The region underwent decompression, 
melting, and amphibolite-facies retrogression from 400–385 Ma (titanite age, TE; monazite 
age, TE; zircon age, TE), and cooled to ~500°C slowly and early in the foreland (395 Ma), and 
quickly and late in the hinterland (380 Ma; rutile age). When combined, these campaign-style, 
petrochronometric data yield unprecedented insight into complicated geologic processes that 
occur over broad areas (>40,000 km2) and prolonged timescales (>40 Myr). 
  



73 
 

Thermodynamic modelling of HP transformations in subducted meta-rodingites and 
their interaction with Atg-serpentinite dehydration (Cerro del Almirez, SE Spain) 

 
1Laborda-López, C., 1López Sánchez-Vizcaíno, V., 2,3Marchesi, 2,3Gómez-Pugnaire, M.T., 

3Garrido, C.J., 4Jabaloy-Sánchez, A., 5Padrón-Navarta, J.A. 
 
1Departamento de Geología (UA IACT-CSIC), UJA, 23700 Linares, Campus Científico-Tecnológico s/n, Spain  
2Departamento de Mineralogía y Petrología, UGR, 18002 Granada, Avda Fuentenueva s/n, Spain 
3Instituto Andaluz de Ciencias de la Tierra, CSIC-UGR, 18100 Armilla (Granada), Avda. Palmeras 4, Spain  
4Departamento de Geodinámica, UGR, 18002 Granada, Avda Fuentenueva s/n, Spain  
5Géosciences Montpellier, UMR 5243, CNRS-Université de Montpellier, Montpellier, France 
 
Rodingites are common rocks associated with serpentinites in exhumed terrains which 
experienced subduction and HP metamorphism. However, uncertainties remain about the 
factors constraining their diverse mineral assemblages and their response to metamorphic, 
devolatilization and redox reactions. In the Cerro del Almirez ultramafic massif (SE Spain) 
meta-rodingite bodies of three different types occur enclosed in both Atg-serpentinite and Chl-
harzburgite. Transition between these two lithologies represents the front of HP prograde 
serpentinite dehydration during subduction. Grandite-meta-rodingite (Type1) only appears 
within Atg-serpentinite and consists mainly of garnet + chlorite + clinopyroxene + titanite. 
Several garnet generations are found within Type1 meta-rodingite: Grt1 (78-90 mol% Ti-rich 
hydrogrossular) is overgrown or cut by veins of Grt2 (6-20 mol% pyralspite, 80-93 mol% 
grandite) and Grt3 (40-56 mol% Ti-rich hydrogrossular, 38-40 mol% andradite). Epidote-
meta-rodingite (Type2) consists mainly of epidote + clinopyroxene. It partially replaces Type1 
rocks within Atg-serpentinite but is the dominant type beyond the dehydration front. 
Pyralspite-meta-rodingite (Type3) overgrew Type2 in Chl-harzburgite and consists of Grt4 
(65-83 mol% pyralspite, 17-35 mol% grossular) + epidote + clinopyroxene + amphibole + 
chlorite. All meta-rodingite types underwent retrograde partial amphibolitization, more 
pronounced in Types2 and 3.  
Metamorphic evolution of rodingite was constrained by thermodynamic modelling 
calculations. In Type1, Grt1 represents the relic low-grade rodingitic association (T < 350ºC, P 
< 4,5 kbar). Grt2 and Grt3 grew sequentially during subduction-linked prograde 
metamorphism (T < 630ºC, P = 4,5-16 kbar), just before their transformation to epidote-meta-
rodingite. Metamorphic peak was marked by the growth of Grt4 (Type3) at ~670ºC, 16-18 
kbar. Changes in oxygen fugacity were crucial to stabilize the observed assemblages and their 
chemistry. Grt1 was stable at low logfO2 (<-38). Increasing values (-13 to -10) were reached for 
Grt2, Grt3 and epidote-meta-rodingite, which acted as sinks of oxidized fluids released during 
antigorite dehydration. Chemical potential gradients between meta-rodingites and ultramafic 
rocks also concur to explain the observed bulk-rock differences between meta-rodingite types. 
Diffusion was catalyzed by fluids released during dehydration reactions. Type1-Type2 
transformation happened at decreasing μCaO (-707 to -722 kJ) and increasing μSiO2 (-885 to -
864 kJ). Transformation of Type2 to Type3 was also enhanced by a decrease in μCaO (-722 to 
-735 kJ) and an increase in μMgO (-628 to -626 kJ).  
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The Malpica-Tuy unit (MTU) represents the lower part of the Malpica-Tuy complex in 
northwestern Spain. This allochthonous complex resulted from the collision of Gondwana and 
Laurussia in Variscan times. The MTU is composed of high-pressure (HP) orthogneisses, 
metasediments and sparse eclogites. In a recent study on adjacent eclogite and gneiss from the 
MTU, Li & Massonne (2016) demonstrated that both rock types had experienced clearly 
different metamorphic peak-pressure conditions. This result is in contrast to a coherent crustal 
section of this unit assumed in previous works. This motivated us to have a closer look to 
metasediments of the MTU and the underlying parauthochthon. For this purpose, we studied 
three metapelites from the Riás beach, 6 km southeast of the town of Malpica. 
Two of these metapelites are chloritoid-garnet schists. The deciphered pressure-temperature 
(P-T) evolution for these rocks is mainly based on chemically zoned garnet, phengite, and 
chloritoid using P-T, P-O2, and T-O2 pseudosections produced with PERPLE_X. The 
chloritoid schists experienced peak P-T conditions around 21 kbar at 570 °C and a subsequent 
isothermal exhumation. The third metapelite sample is a staurolite-andalusite bearing schist 
from the parautochthon. The peak P-T conditions of this rock were constrained by the highest 
Si content (3.11 per formula unit) in muscovite and the highest XMg = Mg/(Mg + Fe2+) of 0.1 
in staurolite resulting in only 8 kbar at a temperature around 570 °C compatible with the 
absence of garnet. The determination of monazite ages with the EMP was achieved for the 
staurolite schist. We could distinguish two generations of monazite based on compositional 
data of this mineral. The older generation yielded an average age of 362.5 ± 4.1 Ma, 
compatible with metamorphic ages for HP rocks of the MTU (Rodríguez et al., 2003), whereas 
the younger generation gave an average age of 327.1 ± 2.5 Ma. 
The detailed study of the metapelites confirm that only eclogites and specific metasediments 
(here: chloritoid schists) of the MTU experienced peak pressures in the range of 20-23 kbar. 
The peak pressures for the gneisses, representing the majority of the MTU rocks, were at most 
16 kbar, probably significantly less. The metapelites of the parauthochthon were, in fact, also 
metamorphosed in early Variscan times as the MTU, but these rocks were never subducted and 
might represent an originally upper portion of the downgoing continental plate far away from 
the subduction zone. 
 
Li, B., Massonne, H.-J. (2016). Early Variscan P-T evolution of an eclogite body and its adjacent orthogneiss 
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The Malpica-Tuy complex (MTC) in NW Spain is part of the Variscan orogen which was 
formed by the collision of Gondwana and Laurussia. Eclogitic rocks are present in the central 
and northern parts of the MTC where they occur as lenses and boudins within orthogneiss. The 
'La Pioza' eclogite body north of the Fervenza reservoir represents the largest exposure of such 
rocks in the MTC. We studied five different rocks (3 eclogites, 1 glaucophanite, 1 tonalitic 
gneiss) from this body in order to unravel their pressure-temperature (P-T) evolution. For this 
purpose, we performed thermodynamic modeling with PERPLE_X, applying various solid-
solution models for clinopyroxene and amphibole, and geothermometry with Zr in rutile. The 
modelling considered the complexly zoned garnets in the rocks, inclusion minerals in garnet, 
phengite with up to 3.4 Si per formula unit, and the compositions of Na-clinopyroxene and 
amphibole as well as the modal contents of these minerals. 
Three different P-T paths resulted: (1) Two eclogites and the gneiss yielded a similar P-T path. 
Especially one of these eclogites records an extended prograde path from about 8.5 kbar at 575 
ºC to peak pressures of 24.5 kbar at 630 ºC. The retrograde path passed through P-T conditions 
of ~17.5 kbar and 650 °C. (2) The P-T loop for another eclogite started at ~18 kbar at 580 ºC 
and reached peak pressures of ~23 kbar at 620 ºC. (3) The P-T path of the glaucophanite is 
characterized by a temperature increase from 610 ºC to 680 ºC at nearly constant pressure 
around 19 kbar. The peak pressure of the 'La Pioza' rocks is significantly higher than those of 
the surrounding gneisses (< 13 kbar). 
In agreement with Li & Massonne (2016), we suggest that the eclogitic rocks of the MTC were 
eroded from the base of the upper plate by the subducting plate. They were transported on top 
of the latter plate to depths of 70 km and involved in the upwards-directed mass flow of the 
subduction channel where the studied rocks were juxtaposed and then embedded in garnet-
bearing orthogneisses at depths of ≤40 km. These gneisses might represent the downgoing tip 
of the lower continental plate during initial continent-continent collision (Li & Massonne, 
2016). Our tectono-metamorphic model is regarded as a reasonable alternative to the 
previously presented imbricate-thrust models (Martínez Catalán et al., 1996; Arenas et al., 
2009) for the evolution of the MTC. 
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One widely neglected part of the subduction zone fluid cycle is the retrograde fluid flow along 
the plate interface. This fluid flow may facilitate the exhumation of slab-derived rocks within 
the subduction channel. However, our understanding on the nature and behavior of these 
retrograde fluids is still insufficient. Retrograde veins preserved in HP–UHP rocks (e.g., 
blueschists and eclogites) can provide valuable information about fluid activities and mass 
transfer at the plate interface and exhumation processes. 
A typical retrograde vein and its blueschist host rock were investigated from Akeyazi (U)HP 
terrane in the Chinese southwestern Tianshan. The magnetite-bearing albite–calcite vein, 
representing an external fluid pathway, crosscuts the host blueschist that mainly consists of 
glaucophane, garnet, epidote and titanite. A striking observation of the selvage is the 
development of metasomatic columns along the flow conduit, producing an albite-rich and a 
chlorite–biotite-dominant part from the vein towards the host blueschist. Replacements of 
chlorite over garnet and albite over glaucophane are a result of dissolution-precipitation 
processes. Mass balance calculations show that during fluid–rock interaction large amounts of 
LILE (K–Rb–Ba–Cs and Pb), Cu and CO2 were added to the selvages, whereas the altered 
wall-rock released significant amounts of Ca, Li, Sr, REE and transition metal elements (V–
Mn–Co–Ni–Zn) due to the dissolution of glaucophane, garnet and epidote. The metasomatic 
column effect relates to opposite mass changes of SiO2, FeO, MgO Na2O and H2O contents 
among the albite-rich selvage and chlorite–biotite selvage. The Al, Ti, Nb, Ta and Cr contents 
were constant during the alteration. 
Microfracture, representing a former fluid pathway, crosscuts a typical oceanic eclogite and is 
sealed by retrograde mineral assemblages. Minerals filling the microfractures include albite in 
omphacite and phengite, Fe-actinolite in barroisite, albite+Fe-actinolite in glaucophane, Fe-
epidote in epidote, albite+V-Ti-magnetite in titanite, Ti-magnetite in rutile, and Ti-magnetite+ 
Mn-ilmenite in apatite. In garnet, the filling minerals include albite, biotite, chlorite, magnetite 
and occasionally Fe-epidote and Mn-ilmenite; in addition, the retrograde fluids also produce 
multiphase solid inclusions in garnet, containing albite, K-feldspar, calcite, chlorite, ilmenite 
and magnetite. 
Both samples indicate that the retrograde fluid causes greenschist-facies overprinting of the 
blueschist and eclogite during exhumation. The retrograde mineral assemblages are 
characterized by albite, calcite, biotite, chlorite and magnetite, with or without actinolite, Fe-
epidote and K-feldspar. Therefore, it is proposed that the retrograde fluid in the subduction 
channel (at ~30 km) is oxidized, and enriched in LILE, CO2 and transition metal elements 
(such as Fe, Cu, V, Ti and Mn). 
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Granulitized eclogites have been found in four places in central Himalayan: the Ama Drime 
Massif, northwest Bhutan, Sikkim, and Arun Valley. Wang et al. (2017) firstly reported the 
omphacite inclusions in zircon and garnet, confirming the existence of eclogite in central 
Himalayan. Here we report the discovery of eclogites within the GHS in the Thongmön area, 
central Himalayas, and decipher their evolution by thorough petrological studies, 
pseudosection modeling and zircon dating. For the first time, omphacite has been found in the 
matrix of eclogites taken from a metamorphic mafic lens. Two groups of garnets have been 
identified in the Thongmön eclogites on the basis of major elements, REE, and mineral 
inclusions. Core and intermediate sections of garnet represent Grt I, the major elements (Ca, 
Mg, and Fe) of which show a homogenous distribution. They display almost flat HREE pattern 
relative to chondrite and main inclusions are amphibole, apatite, quartz, and abundant 
omphacite. Grt II, mainly the thin rim of large garnets, is characterized by rim-ward decrease 
of Ca and increase of Mg and MREE enrichment relative to HREE and LREE. Amphibole 
inclusions have not been found in Grt II, indicating the decomposition of amphibole 
contributed to its MREE enrichment. Two metamorphic stages, recorded by matrix minerals 
and inclusions in garnets and zircons, outline the burial of the Thongmön eclogites and 
processes at the pressure peak: (1) The assemblage amphibole, garnet, omphacite, phengite, 
rutile, and quartz represent the prograde amphibole eclogite-facies stage M1(1). (2) In the peak 
eclogite-facies [stage M1(2)], amphibole disappeared, phengite was continuously decomposed, 
and melting started. Based on the compositions of garnet and omphacite inclusions, M1(1) is 
constrained to 19-20 kbar and 640-660°C and M1(2) occurred at >21 kbar, >750°C. 
SHRIMP zircon U-Pb dating, trace elements and inclusions analyses of zircons from three 
studied eclogite samples provide crucial information on constructing the growth time of 
garnets and metamorphic stages. Zircon dating of three samples yield consistent metamorphic 
ages between 16.4 to 17.1Ma. We find HP inclusion (garnet, omphacite, rutile) in the 
metamorphic zircons. The HREE date is flat and slightly positive Eu anomaly, REE element 
distribution coefficients between garnets and zircons indicate the zircons equilibrium coexist 
with garnets rim in the peak eclogite-facies stage (Rubatto., 2002). Therefore, in the Miocene, 
the Indian continental had dived beneath Asian plate at least ~70km. 
 
Rubatto, D. (2002) Zircon trace element geochemistry: partitioning with garnet and the link between U–Pb ages 
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A combined study of petrology and geochemistry was carried out for a series of migmatitic 
ultrahigh-pressure (UHP) eclogite from Taohang in the Sulu orogen, China. Petrological 
evidences of partial melting were observed in four eclogite samples, indicating their different 
degrees of melting at different stages of exhumation. The first episode of melting was indicated 
by the multiphase solid (MS) inclusions of K-feldspar+quartz±phengite±omphacite±kynite 
with radial cracks in garnet cores and zoisite. This was derived from dehydration melting of 
phengite. During this anataxis, a few phengite and zoisite grains included in garnet core were 
involved, resulting in the formation of the MS inclusions and new growth of garnet around 
them. The residual phengite in garnet and MS inclusions has the highest Si content of 3.5-3.6, 
the coexisting omphacite also has the highest jadite content of 50%. By using the Grt-Omp-
Ky-Qz and Grt-Omp geothermobarometers with these coexisting minerals, the melting 
condition was constrained to be 3.2-3.5GPa and 650-700℃. This indicates that the partial 
melting took place close to the peak conditions, probably at the early stage of exhumation.  
The second episode of melting was recorded in two eclogite samples with abundant hydrous 
minerals and caused by intensive dehydration melting of phengite and zoisite. The produced 
melts were separated and formed the pockets, veins and leucosomes, which mainly consist of 
quartz, plagioclase and muscovite with minor epidote, garnet and amphibolite. The new growth 
plagioclase has a uniform composition of Ab87 in one sample, indicating that the melts are 
homogeneous in the scale of hand specimen. The melt reacted with kyanite to form mineral 
halos around the kyanite in another sample. The mineral halos were composed of margatite, 
phengite and plagioclase (Ab87) from inner to outer, indicating their enrichment in Ca, K and 
Na, respectively. Using Grt-Omp and Grt-phen geobarometer and Grt-Amp-Pl-Q 
geothermometer, this partial melting was constrained to occur at 1.6-1.8GPa and 800-850℃ 
during latter exhumation. Trace elements of garnet and epidote as well as Sr isotope 
composition of epidote were also used to constrain their generation and further their roles in 
the anatexis. Zircons in these four samples all contain residual cores and metamorphic rims. 
The SIMS U-Pb dating of zircon cores yields the protolith age of 738-800 Ma. The 
metamorphic rims have U-Pb ages of 215-218 Ma, consistent with the melting age of UHP 
gneiss during exhumation in this area. MS inclusions of quartz+K-feldspar+apatite were found 
in these zircon rims, indicating their growth from melt. However, they all have low contents of 
most trace elements, such as REE and HFSE, consistent with metamorphic zircon but different 
from peritectic/anatectic zircon. This observation implies that this episode of anataxis in 
eclogite is eutectic and the produced melt has low element solubility similar to aqueous 
solution. The zircon cores and rims have similar low 18O values, indicating that the zircon-
forming fluid was internal origin. Therefore, the different anataxis behaviors observed in the 
different eclogite samples in this study indicate that types and abundance of hydrous minerals 
in eclogites dictate the processes and degrees of their partial melting.  
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The Belomorian eclogites in the eastern Fennoscandian (Baltic) Shield have been reported to 
be of Archean age(s) with a likely peak conditions of 13-14 kbar, 700-750 oC (Mints et al., 
2014). However, our recent studies suggest a re-examination of the timing and PT conditions 
of the eclogitic metamorphism (Li et al., 2017a, b). Representative well-preserved eclogite, 
partly and totally retrogressed eclogite (apoeclogite), and wall rock TTG gneiss samples were 
collected from the Uzkaya Salma locality in the Belomorian Province, where 2.87-2.82 Ga 
eclogite have been reported (Mints et al., 2010). Zircons extracted from the gneiss are 
oscillatory zoned, although some disrupted shadows occur in the mantle-rim domains. Zircons 
from the well-preserved eclogite sample show sectoral, fir-tree and/or patchy textures 
characteristic for high-grade genesis, whereas zircons from retrogressed equivalents mostly 
exhibit a zonal texture with CL-dark cores and CL-bright rims. Both LA-ICP-MS and SIMS 
dating results reveal a likely protolith age of eclogite at c. 2.87 Ga (upper intercept of 
concordia) and formation of gneiss at c. 2.74 Ga; a robust granulite-facies metamorphism at c. 
2.7 Ga – by zircons (geochemistry and inclusion-minerals) from both apoeclogite and gneiss. 
The only eclogitic event is well established at 2.0-1.9 Ga by the high-grade zircons from the 
well-preserved eclogite; while subsequent retrogression into amphibolite-facies is speculated at 
1.9-1.8 Ga by both zircon (CL-bright rim) and rutile dating. Phase equilibria modeling results 
indicate a possible peak eclogitic condition at 16-19 kbar, ~ 750 oC (lower limit) with featured 
Omp + Grt ± Amp, Zo, Qtz assemblage; and subsequent granulite-facies overprint (Cpx + Grt 
+ Pl + Amp ± Opx, melt-phase, Qtz) at 11-15 kbar, > 850 oC, which could be an ITD process 
followed by an IBC retrogression (cooling) at < 10 kbar, < 750 oC. In all, a clock-wise PT 
trajectory is summarized for the Belomorian eclogite of 2.0-1.9 Ga that may be related to the 
Columbia supercontinent event. The PT condition of the 2.7 Ga granulitic event, however, is 
unclear; although it was proposed to be of 6 kbar, 850 oC to 12-13 kbar, 650-750 oC elsewhere 
in the Baltic Shield (Glebovitsky, 2005). 
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The Qinling-Dabie-Sulu belt has been intensely studied, especially since the discovery of 
coesite in metamorphic rocks in the late 1980s. The extension of this belt towards the east-
northeast is however not well understood. Ernst & Liou (1995) supposed the possibility that 
the Qinling Dabie Sulu belt in China finds its continuation in the Gyeonggi Massif and the 
Imjingang Belt on the Korean Peninsula, and, perhaps, even continues further east to Kyushu 
and SW Honshu (Japan).  
The HP metamorphic rocks described here, eclogite and two-mica epidote-plagioclase gneiss 
which form lenses and layers within granitic gneiss, originate from the Qianliyan Island about 
80 km East of Qingdao in the Yellow Sea, East China. The island (about 500 m x 400 m in 
size) is located between the Sulu UHP/HP terrane (China) and the HP metamorphic terrane in 
South Korea. The outcrop of the HP metamorphic rocks are located in the central part of the 
island, close to a major shear zone that consists of strongly deformed rocks.  
Peak metamorphic conditions of eclogite were defined as 775°C, 2.6 GPa using compositions 
of garnet mantle zones, omphacite inclusions, and homogeneous phengite cores (Li et al., 
2014). During exhumation, the eclogite underwent different stages of retrogression, i.e. at 
eclogite-facies (740 790°C, 1.60 1.75 GPa), amphibolite-facies (640 690°C, 0.8 1.0 GPa), 
and, finally, at greenschist-facies conditions. The two-mica epidote plagioclase gneiss 
contains pyrite with rare inclusions of garnet and omphacite, also indicating a HP metamorphic 
history. The maximum P-T conditions derived are on the doorstep to UHP-metamorphism, 
however coesite or its pseudomorph was not yet found. 
A successful SHRIMP U Pb dating, coupled with CL imaging, was conducted on two samples 
of eclogites from the Qianliyan Island. The results yield consistent peak ages of 231 ± 4.2 and 
228 ± 7.5 Ma for metamorphic zircons respectively, and inherited ages of 831-619 Ma. These 
ages are also well consistent with those HP-UHP metamorphic eclogites from the Sulu-Dabie 
orogen. 
Our studies enhance the probability for the existence of a large coherent HP/UHP metamorphic 
belt that extends from Qinling via Dabie and Sulu towards the South Korean peninsula. 
Ackowledgement: This study was supported by the Natural Science Foundation of China 
(41272072). 
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The exhumation history of HP-UHP rocks is an important target to decipher the tectonic 
evolution of the orogeny. The North Qinling HP-UHP rocks, including eclogites, 
retroeclogites, garnet pyroxenites, amphibolites (contain coesite/diamond inclusions in zircons) 
and felsic gneisses, were interpreted as the products of deep continental subduction with ages 
in the range of ca. 500–490 Ma, and two-stage retrograde metamorphism at ca.470-450 Ma and 
ca.420 Ma (e.g., Liao et al., 2016; Liu et al., 2016 and reference therein). Additionally, the 
early Paleozoic magmatism after the climax of the UHP metamorphism, coeval with two 
stages of retrograde metamorphism are also widespread in the North Qinling Belt (e.g., Zhang 
et al., 2013; Wang et al., 2013; Qin et al., 2014). However, timing for the exhumation of these 
HP-UHP rocks and associated magmatic rock remian poorly understood. 
The sediments dispersed from the orogen and deposited in the adjacent basins contains lots of 
information pertinent to their provenance. Therefore, we attempt to discuss the sedimentary 
responses to exhumation of HP/UHP rocks. The Liuling basin develops on the northern margin 
of the South Qinling belt. Detrital zircon U-Pb ages, CL images and REE elements suggest that 
one eclogite-facies metamorphic zircon with Early Paleozoic age is present in the Middle 
Devonian sandstone from Liuling basin. The dominant population of detrital zircon grains 
(500~400Ma) with characteristics of magmatic zircons show marked correlation with the early 
Paleozoic magmatism coeval with two stages of retrograde metamorphism in the North 
Qinling Belt. This correlation demonstrates that these Early Palaeozoic granitoids and HP-
UHP metamorphic rocks in the North Qinling belt were already exposed to the surface, 
underwent erosion prior to Middle Devonian time and were then deposited in Liuling basin.  
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Zircon grains of a stromatic migmatite sample from the Weihai region of the Sulu UHP 
metamorphic terrane contain abundant melt inclusions in one metamorphic growth zone (Zone 
II). Diamond is present in a few of the melt inclusions, indicating that these melt inclusions 
were entrapped at UHP stage of the stability field of diamond. Zircon U-Pb dating was used to 
constrain the timing of partial melting initiation. Coesite-bearing metamorphic rims of the 
zircons from the retrograde eclogite adjacent to the migmatite sample yield a UHP age of 
224.6 ± 3.0 M, whereas Zone II of the zircons gives an age of 224.9 ± 3.0 Ma. The two ages 
are identical within errors, supporting that the partial melting of the Weihai migmatite initiated 
at the UHP stage. In addition, zircons studied also display two other growth zones (Zones III 
and IV) surrounding Zone II, which gives 214-215Ma ages, representing the crystallization 
ages of leucosomes.  
The oxygen isotopic analyses of zircon grains show that the δ18O values range from -9.56‰ to 
-5.59‰ for Zone II, and from -3.66‰ to -4.41‰ for Zones III and IV, suggesting a two-stage 
partial melting. The partial melting recorded in Zone II was dehydration partial melting, 
whereas the partial melting documented in Zones III and IV occurred at decompression 
granulite facies stage, and increasing δ18O values in zircon reflect that a fluid of external 
source was involved in the process of partial melting.  
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Recently, more HP/UHP retrograde eclogite (contain coesite/diamond inclusions in zircons) 
were recognized from the Dasigou, Qingyouhe, Songshugou, and Zhaigen areas, followed by 
the finding of UHP eclogite from the Guanpo and Shuanghuaishu areas in the North Qinling 
belt of Central China orogen. The HP-UHP rocks yielded peak metamorphic ages of 500-490 
Ma and retrograde metamorphic ages of ca.470-450 Ma and ca.420 Ma, respectively. Based on 
the widespread distribution of the HP-UHP metamorphic rocks in the Qinling Complex, some 
workers suggested that the entire Qinling Complex (or as a microcontinent) underwent deep 
continental subduction (e.g. Zhang et al., 2015), whereas others proposed that part of the 
Qinling Complex experienced HP-UHP metamorphism in early Paleozoic (e.g. Liu et al., 
2016). In this work, source analysis of detrital zircons in the sedimentary rocks of Erlangping 
and Kuanping complexes were used to constrain this issue. Detrital zircon datasets from 
Kuangping and Erlangping exhibit an essentially similar age distribution. They show two 
dominant age peaks at ca. 0.9-1.0 Ga and 2.4-2.7 Ga and six subordinate peaks at ca.0.5-0.6 
Ga, 0.7-0.85 Ga, 1.1-1.2 Ga, 1.3-1.5Ga, 1.6-1.8 Ga and 3.1-3.5 Ga. These are summarized as: 
(1) the youngest age of detrital zircons from the Kuangping and Erlangping complexes is about 
ca.500 Ma. Combined with the early-middle Ordovician fossils identified from sedimentary 
rocks of the Kuanping Complex and ca.480 Ma Xizhuanghe granodiorite intruded into the 
sedimentary units of the Erlangping Complex, the sedimentary units of the Kuangping and 
Erlangping Complexes formed at late Cambrian-middle Ordovician; (2) Detrital zircon 
population could have been sourced from early Neoproterozoic granites of the Qinling 
Complex, Paleoproterozoic-Archean rocks of the North China block and Neoproterozoic 
igneous rocks of the South Qinling Belt and Yangzi block, which indicates that the Kuangping 
and Erlangping complexes formed in a back-arc or rift setting; (3) Abundant detrital zircons 
sourced from the early Neoproterozoic granites of the Qinling Complex and the absent zircons 
from the early Paleozoic HP/UHP metamorphic and magmatic rocks in the Erlangping and 
Kuanping complexes suggest only part of the pre-early Paleozoic rocks of the Qinling 
Complex experienced deep subduction. Thus, we propose that the Qinling Complex is a 
tectonic complex rather than a uniform stratigraphic unit or a microcontinent as previously 
believed. 
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An eclogite-vein system from the Ganjialing area in the Dabie Shan, China, records fluid-rock 
interaction during exhumation in response to hydraulic fracturing and circulating fluids in the 
host eclogite. The eclogite contains garnet, omphacite, phengite, dolomite, magnesite, coesite, 
rutile, apatite and zircon at peak pressure-temperature conditions, which were estimated to be 
3.6 GPa and 690-710 oC based on pseudosection calculations and Zr-in-rutile geothermometry. 
The veins represent leached zones along the fractures and consist mainly of garnet, quartz and 
plagioclase. Garnet in the veins is a remnant phase after preferential dissolution of omphacite, 
phengite and dolomite in the leached zones, with quartz and plagioclase as newly precipitated 
phases. Mass balance calculations reveal that Si, P, Zr, Hf, Th, U, and light and middle rare 
earth elements (REEs) were added to the leached zones by external fluids and that most other 
elements were mobilized and variably removed from the leached zones. Garnet in the eclogite 
experienced two episodes of coupled dissolution-reprecipitation (CDR) during the fluid-rock 
interaction. The resulting chemical change of this garnet hints an early isothermal exhumation. 
Garnet in the veins experienced CDR as well, with the reprecipitated garnet containing higher 
contents of Mn, heavy REE and Y than the original garnet. Such a chemical change could be 
attributed to the partial resorption of garnet in the veins, which elevated the budget of these 
elements for the matrix. Numerous tiny inclusions of monazite, calcite and/or pyrite occur in 
apatite of the eclogite-vein system and their long dimensions are usually parallel to the c-axis 
of the host apatite. Instead of exsolution, a CDR process is proposed to be responsible for the 
formation of these oriented mineral inclusions. Interaction with fluids reduced the contents of 
light REE in apatite and gave rise to a negative Eu anomaly (δEu = 0.44-0.73). The released 
light REE was not only accommodated by the newly-formed monazite in apatite but also by 
newly-formed epidote. Fluid-rock interaction resulted in a zoned phengite in the eclogite-vein 
system, with the newly-formed zone rich in BaO (up to 8.6 wt%). High BaO contents (up to 
14.5 wt%) were also detected for accessory K-feldspar. On the basis of the occurrence of thin 
films, wide bands and irregular pools of plagioclase ± quartz in the eclogite-vein system, a Si-
Al-Na-Ca-Ba-concentrated fluid is inferred to have acted during the fluid-rock interaction. 
Oriented pyrite inclusions and negative Eu anomalies in apatite suggest a relatively reducing 
nature for the attendant fluid. A low chlorinity of this fluid is additionally indicated by the low 
Cl contents in hydrous minerals such as amphibole and apatite. 
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Felsic gneisses are a common rock type in high-pressure (HP) and ultrahigh-pressure (UHP) 
terranes, but the derivation of metamorphic P-T paths for these rocks is difficult and was, thus, 
rarely undertaken (Massonne, 2015). Unlike associated metabasites and metasediments that 
preserve evidence for HP-UHP metamorphism, felsic gneisses commonly record lower peak 
pressure conditions. However in the Dabie-Sulu UHP terranes of eastern China, zircon grains 
with coesite inclusions were reported in felsic gneisses occasionally (Liu & Liou, 2011). 
We investigated a felsic gneiss (131H, depth: 775 m) from the Chinese Continental Scientific 
Drilling (CCSD) main borehole, located in the Sulu UHP terrane, analyzing minerals with the 
electron microprobe and modeling the analytical results with PERPLE_X. The gneiss sample 
consists of 40 vol% plagioclase, 30 vol% quartz, 15 vol% phengite, 7 vol% biotite, 4 vol% 
garnet, 2 vol% K-feldspar, 2 vol% epidote and accessory minerals. Garnet includes phengite, 
feldspar, quartz, rutile and apatite and is weakly and irregularly zoned in composition. Some 
garnet grains preserve a Ca-rich core (Alm46.5Gr41.5Py9.5Sp2.5), with the Ca content decreasing 
and the Fe and Mg contents increasing towards the rim (Alm49.5Gr36.5Py11.5Sp2.5). Phengite in 
the matrix and enclosed in garnet shares a similar composition and contains up to 3.45 Si per 
formula unit in the core. Most spectacular are thick envelopes of plagioclase with 10-14 mol% 
anorthite around phengite. K-feldspar usually occurs as thin films along the grain boundaries 
of quartz and plagioclase. Because of inadequate solid-solution models (amphibole, epidote, 
garnet, Na-clinopyroxene) P-T conditions could not be precisely determined. Nonetheless, the 
observed Ca-rich garnet appears in the pseudosections only in the P-T range of 10-15 kbar 
around 500 °C compatible with high Si contents in phengite. During nearly isobaric heating to 
about 600 °C, consistent with results of the applied Zr-in-rutile geothermometer, garnet with 
reduced Ca content formed and Na-clinopyroxene broke down. The latter event resulted in the 
peculiar plagioclase envelop around phengite. Thus, this feature might indicate the presence of 
a former Na-clinopyroxene in HP gneisses. However, the studied gneiss 131H has never 
experienced pressures higher than 15 kbar indicating a clear contrast in peak pressure between 
felsic gneiss and coesite-bearing eclogite in the Sulu UHP terrane. 
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The Iberian Variscan orogen is one of the key geological realms to study the latest 
Precambrian and Paleozoic continental evolution. During more than 30 years (50s-80s), the 
prolific geologists from the "Leiden School" (The Netherlands) developed several studies in 
this area. These studies helped to lay the foundations of the geology in northern Spain, and 
their investigations currently remain a benchmark. In this context, the seminal petrological 
work done by D.E. Vogel in the Cabo Ortegal Complex (NW Iberian Massif), has not been 
revised since 1967. Thus, no modern metamorphic studies have been completed in such a 
strategic eclogite bearing terrane, which includes some of the best-preserved and most 
representative high-pressure (HP) outcrops of the western European Variscan belt. 
The Cabo Ortegal Complex includes a high-pressure granulite-facies unit (14-16 kbar, 740-
840°C; Puelles et al., 2005) tectonically sandwiched between an eclogite-facies unit (22 kbar, 
750-800°C; Mendía Aranguren, 2000) and an ultramafic (peridotite) unit (Girardeau et al., 
1989). D.E. Vogel´s petrological collection covers the three units and is almost entirely 
conserved by the Naturalis Biodiversity Center (Leiden, The Netherlands). One of his most 
interesting samples is a typical kyanite-garnet-clinopyroxene eclogite with fine-grained 
coronas and symplectites. Similar rocks have been described in other HP terranes such as e.g. 
the Western Gneiss Region (Johansson & Möller, 1986) and the Eastern Alps (Vrabec et al., 
2012; Schorn & Diener, 2017). 
We aim to evaluate to what extent the eclogite to retroeclogite transition is driven by hydration 
through (i) characterizing the μH2O dependence in the origin of the symplectitic/coronitic 
textures developed during exhumation, (ii) including the effects/presence of the H2O bulk rock 
content in this sample, which protholith has been historically considered to be a (fully) 
hydrated (meta) basalt (Mendía Aranguren, 2000).  
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The Marun-Keu complex (MKC; Polar Urals) is interpreted to represent an exhumed slice of a 
passive continental margin that was subducted during the closure of the Uralian Ocean.  
Preliminary P˗T constrains suggests that the MKC eclogites recorded a three stage 
metamorphic evolution involving (i) early subduction-related medium-pressure and medium 
temperature metamorphism (M1); (ii) Subduction-related (ultra) high-pressure eclogite-facies 
prograde metamorphism (M2) characterized by the occurrence coesite and the infiltration of 
aqueous fluids that led to the formation of honeycomb garnet porphyroblasts; (iii) Exhumation-
related metamorphism recorded by the development of clinopyroxene+plagioclase+amphibole 
symplectites and Na-Ca amphibole poikiloblasts (M3). 
Coesite and diamond pseudomorphs have been described in eclogites from the Southern Urals 
Maksyutov Complex (Chesnokov & Popov, 1965; Lennykh et al., 1995; Leech & Ernst, 1998) 
and diamond has been recently discovered in chromite ores from the Polar Urals (Rai-Iz 
ophiolite complex; Yang et al., 2007).  
The aim of this study is to report, for the first time, the presence of possible quartz 
pseudomorphs after coesite in the MKC eclogites, together with a comprehensive petrological 
and thermobarometric characterization of key samples from representative localities. 
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The age of eclogite-facies metamorphism is of paramount importance for understanding the 
tectonic evolution of an orogen. Dating eclogites sheds light on the early stages of an orogen, 
when the subduction mechanism is blocked and the system evolves to a continental collision. 
Subsequent retrogression, which tends to erase any prior metamorphic record, makes dating 
the HP metamorphism a demanding exercise. Unraveling the metamorphic history of an 
eclogite requires linking the timing of the growth of metamorphic minerals to the P-T path of 
the rock. We focused on two samples from the Lévézou Massif (French Massif Central, 
Variscan Belt) displaying various degrees of retrogression: a perfectly unretrogressed eclogite 
(garnet - omphacite - edennitic amphibole - rutile - kyanite, P-T estimates at 18-20 kbar/650-
700 °C) and a former eclogite fully retrogressed under amphibolite facies (garnet - hornblende 
- plagioclase - biotite - rutile - quartz, P-T estimates at 11-12 kbar/650-700 °C). To constrain 
the HP event and subsequent cooling during exhumation, we used a large panel of 
geochronometers (U-Pb, Lu-Hf, Sm-Nd and K-Ar). Most zircon grains yield a U/Pb magmatic 
age of 472.3 ± 1.7 Ma (MSWD = 0.98, N = 44) associated with negative Eu anomalies. This 
Ordovician age is in agreement with other data available from the Variscan belt, and is 
considered to correspond to the formation of an oceanic crust. Rutile grains from the eclogitic 
sample yield a lower intercept U-Pb date of 371.2 ± 7.1 Ma (MSWD = 1.5, N = 16), while 
garnet Lu/Hf and Sm/Nd data yield dates of 357 ± 13 Ma (MSWD = 22) and 350.4 ± 7.7 Ma 
(MSWD = 1.6) respectively, which seems to indicate a HP event at ~370-360 Ma. The 
retrogressed sample is in isotopic disequilibrium, all isochrones being more accurate without 
considering the whole rock analyses. They yield a Lu/Hf date of 356.9 ± 1.5 Ma (MSWD = 
0.31) and a Sm/Nd date of 352 ± 20 Ma (MSWD = 0.0058). Rutile and apatite grains from this 
retrogressed sample yield U-Pb lower intercept dates of 356.2 ± 9.1 Ma (MSWD = 5.1, N = 
19) and 354.6 ± 8.6 Ma (MSWD = 0.44, N = 23) respectively, both comparable within error. 
Amphibole dating by K-Ar yields pseudoplateau and plateau dates from 380 Ma to 345 Ma, 
displaying various degrees of re-equilibration and/or excess argon. This large spectrum of 
thermochronology methods allow us to estimate the eclogite peak metamorphism at ~370-360 
Ma (18-20 kbar/650-700 °C), and a 15 to 20 Ma duration for the following exhumation stage 
(~350 Ma, 11-12 kbar/650-700 °C), faster by far than the 40-50 Ma usually accepted for this 
portion of the Variscan Belt (Lardeaux, 2014 and references inside).  
 
Lardeaux, J. M. (2014) Deciphering orogeny: a metamorphic perspective Examples from European Alpine and 

Variscan belts. Bulletin de la Société Géologique de France 185 : 281-310. 
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In the absence of other indicators, the link between the growth of a specific zircon crystal (or 
part of it) and the eclogite-facies part of the P–T evolution of a rock is commonly validated 
using the analysis of its REE signature (e.g. Rubatto, 2002). The absence of an Eu anomaly 
and a flat HREE pattern are considered to reflect a growth in a plagioclase-free garnet-bearing 
assemblage, typical for the eclogite facies. The ages obtained using this approach can, 
however, be in conflict with other geological evidence. Using two eclogite samples from the 
south of the French Massif Central, we argue that this approach should be used with caution. 
(1) Zircon grains from an eclogite embedded in massive amphibolite in the Najac-Carmaux 
Klippe yield a well-constrained U/Pb age of 386.0 ± 1.2 Ma (MSWD = 1.5) consistent with the 
Lu/Hf age of 382.8 ± 1.0 Ma (MSWD = 0.61) and the Sm/Nd age of 377.8 ± 1.1 Ma 
(MSWD = 1.4) obtained on garnet. Yet, chrondrite-normalized REE spectra of the dated zircon 
crystals display variably negative, positive or no Eu anomaly, and their HREE patterns are 
either enriched or flat. (2) U/Pb zircon data from an eclogite wrapped in a cordierite-bearing 
migmatite in the Montagne Noire Dome, yield two ages at 339.9 ± 3.4 Ma (MSWD = 0.093) 
and 315.3 ± 1.4 Ma (MSWD =0.13). With the exception of one analysis, all the REE spectra 
display neither Eu anomaly nor HREE enrichment, which should suggest that the zircon grains 
crystallized during the HP metamorphism. The younger age is identical, however, to the ages 
found in the LP-HT cordierite-bearing migmatite host (320-300 Ma, Poujol et al., 2017). We 
question therefore the link between the U/Pb age and REE patterns in zircon and suggest that 
they can be disconnected: “magmatic” spectra (strong negative Eu anomaly and HREE 
enrichment) can correspond to eclogitic zircon and conversely “eclogitic” spectra can be found 
in zircon that (re)crystallized after the HP event. Resetting of the U/Pb system does not 
necessarily go hand in hand with the resetting of the REE system. We propose that REE 
spectra in zircon may fossilize the REE budget of the rock at the time of the zircon growth: 
REE patterns in zircon reflect the successive crystallization of the different mineral 
assemblages in the rock. A U/Pb date, even if obtained on zircon grains yielding an “eclogite-
like” REE spectrum cannot be automatically interpreted as the age of the eclogite-facies 
metamorphic stage, unless its significance is supported by other methods. 
 
Poujol, M., Pitra, P., Van den Driessche, J., Tartèse, R., Ruffet, G., Paquette, J.L., Poilvet, J.C. (2017) Two-stage 

partial melting during the Variscan extensional tectonics (Montagne Noire, France). IJES 106: 477-500. 
Rubatto, D. (2002) Zircon trace element geochemistry: partitioning with garnet and the link between U–Pb ages 

and metamorphism. Chemical geology 184:123-38. 
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The Zermatt-Saas Zone, part of the Middle and Late Jurassic Tethyan lithosphere, underwent 
oceanic metamorphism during Mesozoic and subduction during Upper Cretaceous to Eocene 
(HP to UHP metamorphism). In upper Valtournanche, serpentinite, metarodingite, and eclogite 
record a dominant S2 foliation that developed under 2.5 ± 0.3 GPa and 600 ± 20 °C, during 
Alpine subduction (Rebay et al., 2012; Zanoni et al., 2016). U-Pb zircon dating (Rebay et al., 
2017) shows crystallisation at 166 ± 4 Ma for the cores, in agreement with the known ages for 
the oceanic accretion of the Tethyan lithosphere, and Upper Cretaceous – Pleocene ages for the 
metamorphic syn-D2 rims, showing that Zermatt-Saas Zone experienced HP to UHP 
metamorphism about 16 Ma earlier than previously reported. 
A detailed structural study of serpentinites preserving relic fabrics within the dominant 
HP/UHP S2 pervasive foliation, allowed to reconstruct a detailed tectono-metamorphic 
evolution for such rocks, that preserve records of prograde and peak conditions of re-
equilibration during Alpine subduction. Relics of structures and parageneses associated to 
early oceanic metamorphism prior to subduction are recognized. Serpentinite in less deformed 
domains preserve clinopyroxene mantled by S2 foliation, layers and lenses of pyroxenite and 
dunite and magnetite bands. Several fluid circulation episodes taking place during prograde 
evolution are evidenced by olivine, olivine-Ti-clinohumite and magnetite bearing veins 
predating and deformed by S2, and the mineral associations in such domains and their 
evolution at P-peak conditions allow to reconstruct a complex and composite P-T-d-t path.  
Results, compared with the metamorphic evolutions described in adjacent portions of Zermatt-
Saas Zone support the evidence that it is not a coherent tectonic unit, but is composed of slices, 
that have experienced different P-T-t paths during the subduction-collision-exhumation cycle 
involving the Piedmont oceanic lithosphere over a period of at least 30 Ma.  
 
Rebay, G., Spalla, M. I., Zanoni, D. (2012) Interaction of deformation and metamorphism during subduction and 

exhumation of hydrated oceanic mantle: insights from the Western Alps. Journal of Metamorphic Geology 
30, 687–702. 

Zanoni, D., Rebay, G., Spalla, M. I. (2016) Ocean floor and subduction record in the Zermatt-Saas rodingites, 
Valtournanche, Western Alps. Journal of Metamorphic Geology 34:941–961. 
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Garnet is a common mineral in subduction-related metamorphic rocks, known to record a 
significant part of the metamorphic history in its chemical zoning. In the Guatemala Suture 
Zone (Central Guatemala), eclogites are found in two serpentinite mélanges: the South 
Motagua Mélange and the North Motagua Mélange. Among the samples from the North 
Motagua Mélange analyzed in detail to unravel their P-T paths, four eclogites showed peculiar 
features. Garnet grains are euhedral to sub-euhedral and the matrix omphacite is partly 
retrogressed into glaucophane, hornblende, albite, and late chlorite. Epidote, rutile, and 
phengite are accessory minerals of the eclogite facies. Garnet display several inclusions: 
glaucophane, epidote and albite inclusions are from blueschist facies, whereas omphacite, 
rutile, epidote and phengite are coeval with eclogite facies. X-rays maps acquired by EMPA on 
garnet grains reveal two types of zoning: (i) a spessartine-rich core, almandine-rich 
intermediate corona, and pyrope and grossular-rich rim, attributed to garnet growth, and (ii) 
grossular-rich patches distributed in both the core, the intermediate corona, and the rim. Trace 
elements were analyzed in situ by LA-ICP-MS in the different zones of garnet (both concentric 
and patchy zoning). The minerals species present both in the matrix and as inclusions in garnet 
grains were also analyzed. Finally, EBSD images on the garnets grains were acquired to 
observe the orientation of the different zones.  
In all four samples, the REE patterns and spider-diagrams acquired in the inclusions and 
similar species in the matrix (epidote, phengite, omphacite) show a systematic enrichment in 
HREE in the inclusions in comparison to the matrix ones. No variation is visible for LILE. The 
growing zones of garnet as well as in the grossular-enriched patches show somewhat similar 
patterns on both REE patterns and spider-diagrams. The lack of variation for LILE in both 
garnet zones and minerals species present in inclusion and in the matrix indicates that no major 
fluid influx/outflux occurred during the metamorphism, that likely occurred in nearly closed 
system. It dismisses the hypotheses that Ca-rich patches may have formed by 
dissolution/reprecipitation or incongruent dissolution of garnet. Additionally, EBSD 
measurements show no difference in orientation between the main garnet and the Ca-rich 
patches, indicating that the main garnet and the patches likely grew simultaneously. Therefore 
the most likely hypothesis to explain that patches is immiscible garnet grains growing 
simultaneously. 
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Large biotite flakes are uncommon in eclogite; the K-bearing phase in this rock type is usually 
phengite instead. However, phengite can be replaced by fine-grained biotite during 
retrogression. Numerous eclogite bodies occur in gneisses of the Fleur-de-Lys Supergroup, 
which was buried and deformed during the Early to Middle Ordovician Taconic orogeny at the 
southeastern margin of Laurentia. Large mica flakes in these bodies are either phengite or 
biotite. Occasionally, both micas occur together. Such an eclogite was investigated in detail in 
order to understand the conditions producing large biotite flakes in eclogite. 
The studied eclogite contains large biotite flakes (6 vol%) and phengite (3 vol%) with up to 
3.43 Si per formula unit (pfu). Phengite is surrounded by fine-grained biotite that has a clearly 
lower Si content than the large biotite flakes (2.86 Si pfu). Garnet (27 vol%) is characterized 
by a slightly zoned core with contents of grossular (+andradite) and pyrope around 28 and 13 
mol%, respectively (Alm58Gr28Py13Sp1). The core is rich in inclusions among them are albite 
and rutile enveloping ilmenite. The slightly zoned garnet mantle is characterized by 
Alm61Gr22Py16Sp1. Omphacite (+symplectites: 45 vol%) contains 35 and 7 mol% jadeite and 
aegirine, respectively. Albite and Ca-amphibole formed porphyroblasts enclosing garnet and 
biotite. We applied PERPLE_X to model the evolution of the eclogite considering the 
observed mineral abundances, textural relations and the chemically variable compositions of 
minerals. In addition, we applied the Zr-in-rutile thermometer to obtain metamorphic 
temperatures which are independent from the modeling results. 
The pressure (P) - temperature (T) evolution of the eclogite was difficult to reconstruct 
precisely, due to inadequate amphibole and clinopyroxene solid-solution models and 
uncertainties in the estimation of the Fe2+/Fe3+ ratio in the bulk rock. Our modeling indicates a 
nearly isothermal burial around 600 °C from 1 to 2 GPa. At maximum burial (~65 km) the 
garnet core (20 vol%) had completely developed. Subsequent heating to 700 °C or slightly 
higher resulted first in the growth of the garnet mantle and subsequently to several vol% of 
biotite. During early exhumation porphyroblasts of Ca-amphibole and plagioclase formed. 
The PERPLE_X modeling, including that of eclogite compositions considered in previous 
works, demonstrates that significant amounts of prograde biotite in eclogite can form only at 
pressures between about 1.5-2.2 GPa. In addition, temperatures above 650 °C must be reached. 
Such P-T conditions require a fairly flat subduction which seems to be typical for young and 
thus still hot oceanic crust compatible with the Early Palaeozoic geodynamics at the Laurentian 
margin. An interesting additional conclusion of our study is the nature of the burial path, which 
suggests involvement of basic material by tectonic erosion of continental crust. The studied 
eclogites are not products of the direct subduction of oceanic crust. 
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Numerous eclogite and amphibolite bodies occur within gneisses of the Fleur-de-Lys 
Supergroup in northeastern Newfoundland. These gneisses represent parts of the deeply buried 
Iapetus margin of Laurentia. The Fleur-de-Lys Supergroup was deformed during the Early to 
Middle Ordovician Taconic orogeny as a result of an arc-continent collision. Our geochemical 
study investigated (1) the character of the protoliths of the metabasic bodies in gneiss and (2) 
whether the amphibolites could have been former eclogites. Petrographic indications for a late 
metamorphic transition of fresh eclogite to amphibolite are (1) symplectites of plagioclase and 
amphibole around omphacite, which can moderately or entirely replace omphacite, and (2) 
amphibolites with considerable amounts of garnet. This mineral can also be present as relicts 
and in some amphibolites it is completely absent. Hence, the garnet-free amphibolites could 
have been former eclogites, garnet amphibolites, or usual amphibolites at peak (pressure) 
metamorphic conditions. 
Circa twenty samples of metabasite bodies from gneisses of the Fleur-de-Lys Supergroup were 
analysed with X-ray fluorescence (XRF) spectrometry for major elements using glass disks 
prepared from rock powder and Li-borate. Trace element concentrations were determined on 
pressed powder tablets with XRF and by ablating glass disks combined with ICP mass-
spectrometry. The minor and trace element contents of the rocks confirm mafic igneous 
protoliths (basalt-gabbro). The contents of (rather) immobile elements were plotted in various 
discrimination and spider diagrams. We conclude from the results that virtually all samples 
have a MORB-like signature. Rare-earth element patterns yielded occasionally a slight Eu 
anomaly. Ce/Yb ratios, normalized to chondrite, are between 0.8 and 4. Thus, the protoliths of 
some of our samples show a tendency to P-MORB. In the discrimination diagram Ti/40-
Si/1000-Sr by Vermeesch (2006) the data of many of our samples plot within the field of 
island-arc basalts. However, this result, contrasting to those obtained from other discrimination 
diagrams using high-field strength elements, can be explained by enrichment of Sr during 
metamorphism especially the late event that was accompanied by the infiltration of hydrous 
fluids leading, for instance, to late formation of Ca-amphibole. 
We interpret the obtained geochemical results as hint at a common nature of the protoliths of 
the studied metabasites. Thus, it is possible that all these rocks were once eclogites which were 
subducted as part of an oceanic crust and exhumed during the arc-continent collision 
responsible for the Taconic orogeny. 
 
Vermeesch, P. (2006) Tectonic discrimination diagrams revisited. Geochemistry, Geophysics, Geosystems 7: 

Q06017, doi:10.1029/2005GC001092. 
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Migmatitic host gneisses enclose garnet peridotite and are cut by granitic dikes in the 
Lüliangshan area, North Qaidam terrane. LASS and SHRIMP-RG zircon analyses from three 
granitic dikes constrain the ages of protoliths, (U)HP metamorphism, and exhumation.  
Dike 1 cuts UHP garnet peridotite, and shows slight foliation. Zircon CL grey cores and 
mantles with Eu/Eu* ~ 0.7-2.0 and low HREE yield 430 ± 4 Ma, interpreted as metamorphic 
or melt growth at (U)HP conditions. Zircon with Eu/Eu* = 0.4-0.6 and variable HREE yields 
430 ± 7 Ma, interpreted as mixed analyses or early growth during exhumation. Zircon CL dark 
to grey rims, mantles, and cores with Eu/Eu* = 0.1-0.4 and low HREE yield 425 ± 5 Ma, 
interpreted as growth in the plagioclase + garnet stability field during exhumation. Zircon CL 
dark rims and mantles with Eu/Eu* = 0.1-0.4 and high HREE yield 419 ± 5 Ma, interpreted as 
final dike crystallization in the plagioclase stability field. Zircon cores with an upper intercept 
age of 951 ± 17 Ma (plus one 1.9 Ga spot) are interpreted to record the age of the source rocks 
that partially melted to produce the dike.  
Dike 2 cuts migmatitic host gneiss, and shows slight foliation. Zircon CL grey cores and 
mantles with Eu/Eu* ~ 0.6-1.5 and low HREE yield 429 ± 3 Ma, interpreted as metamorphic 
or melt growth at (U)HP conditions. Zircon with Eu/Eu* = 0.3-0.6 and variable HREE yield 
429 ± 5 Ma, interpreted as mixed analyses or early growth during exhumation. Zircon CL dark 
rims and mantles with Eu/Eu* = 0.1-0.4 and high HREE yield 418 ± 5 Ma, interpreted as final 
dike crystallization in the plagioclase stability field. Sparse zircon cores ~900 Ma are 
interpreted to record the age of the source rocks that partially melted to produce the dike. Dike 
3 is coarse-grained, unfoliated, and zircons with Eu/Eu* ~ 0.3-0.1 and high HREE yield 415 ± 
2 Ma, interpreted to record dike crystallization, and that ductile deformation had ceased by this 
time. 
We interpret these results to indicate that (U)HP metamorphism ± partial melting was followed 
by exhumation to crustal levels within 11 ± 6 Myr; melting may have triggered exhumation. 
Based on the presence of diamond in the garnet peridotite (Song et al., 2005), this suggests 
exhumation rates on the order of 1 cm/yr. 
 
Song, S., Zhang, L., Niu, Y., Su, L., Jian, P., and Liu, D. (2005) Geochronology of diamond-bearing zircons from 

garnet peridotite in the North Qaidam UHPM belt, northern Tibetan Plateau: A record of complex histories 
from oceanic lithosphere subduction to continental collision. Earth and Planetary Science Letters 234:99–
118. 
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Eclogites represent some of the highest-pressure rocks found on the surface and understanding 
the mechanisms that return these rocks from such great depths is key to range of tectonic 
studies. Central Norway, dominated by the mid-Paleozoic Scandinavian mountain belt, formed 
during the Cambro-Ordovician closing of the Iapetus Ocean and the subsequent 
collision/subduction of Baltica below Laurentia (Janák et al., 2013). This led to the accretion of 
numerous eclogite bearing terranes in the area (Medaris, 1980, Bolan & van Roermund, 1983, 
etc.). 
Symplectites are a lamellar microstructural texture that forms during the reaction between two 
mineral grains or the decomposition of a mineral during exhumation. They can form in many 
different environments including the decomposition of garnet, the reaction of magnetite and 
clinopyroxene, and of particular importance to this study as the reaction decomposition of 
omphacite into clinopyroxene and plagioclase. Because symplectites are the products of 
breakdown reactions of higher P/T mineral assemblages, they may record the P/T history of 
exhumation. Being able to determine temperatures from these breakdown textures might allow 
for the detailed reconstruction and refinement of retrograde P/T paths.  
The Western Gneiss region is particularly well suited for this study because of the large 
number of known eclogite localities, the eclogites grade from a temperature of 800°C in the 
west to 600°C in the east (Griffin, 1987), and, importantly, the peak metamorphic conditions of 
these rocks have already been determined (Hacker et al., 2010). 
 
Boland, J., & van Roermund, H. (1983) Mechanisms of Exsolution in Omphacites from High Temperature, Type 

B, Eclogites. Physics and Chemistry of Minerals, 9, 30–37. 
Griffin, W. L. (1987) On the eclogites of Norway- 65 years later. Mineralogical Magazine, 51(361), 333–343. 
Hacker, B. R., Andersen, T. B., Johnston, S., Kylander-Clark, A. R. C., Peterman, E. M., Walsh, E. O., & Young, 

D. (2010). High-temperature deformation during continental-margin subduction & exhumation: The 
ultrahigh-pressure Western Gneiss Region of Norway. Tectonophysics, 480(1–4), 149–171. 
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Eclogites have been found as lenses in the Proterozoic paragneiss from Wenquan, Langmuri 
and Xiarihamu areas of East Kunlun Mountains, Northern Qinghai-Tibet Plateau, China (Meng 
et al., 2013; Qi et al., 2014, 2016). Petrological investigations show that the eclogite from 
Wenquan area are composed of garnet + omphacite + quartz + rutile ± Kyanite. These eclogite 
have experienced eclogite facies metamorphism at temperature of 590°C – 650°C, and pressure 
higher than 1.6 GPa. The eclogite facies metamorphic age and the protolith age from the 
eclogite are 428 ± 3 Ma and 934 ± 11 Ma, respectively, obtained by LA-ICP-MS and SHRIMP 
methods. Geochemical studies show that the SiO2 contents of eclogites vary from 47% to 59% 
and Mg# from 0.45 to 0.51. Chondrite-normalized REE patterns show two different patterns 
with either enrichment or depletion in LREE (La(N)/Sm(N) = 1.42-1.72 or 0.82-0.88, 
respectively), with weakly negative anomaly of Eu (δEu = 0.85 - 0.95). Whole-rock εNd(t) 
values vary from +0.51 to +6.17 (t = 934 Ma). The U-Yb-Hf concentrations as well as positive 
εHf(t) (+8 ~ +10) of the zircons from the eclogites are similar to those from continental 
tholeiitic gabbros or basalts. Therefore, the protoliths of the eclogites may form in the 
continental margin setting (Meng et al., 2015). This infers that the East Kunlun Orogen 
underwent a Middle Paleozoic high-pressure metamorphism at continental subduction 
environment. 
This work supported by the National Natural Science Foundation of China (41272052, 
41672031) and the China Geological Survey project (121201102000150005-08). 
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Subduction zone processes play a key role in determining the time and length-scales of long-
term element cycles like the deep carbon cycle. Recent thermodynamic modelling and 
experiments have underlined the importance of carbonate dissolution by subduction fluids for 
the transfer of carbon out of the subducting slab. However, natural case studies of the impact 
of fluids generated by serpentinite dehydration are scarce. Here we report the occurrence of 
meta-ophicarbonate lenses within prograde Chl-harzburgites in the Almirez ultramafic massif 
(Betic Cordillera, S. Spain). These meta-ophicarbonates are composed of a high-grade 
assemblage of olivine, Ti-clinohumite, diopside, chlorite, dolomite, calcite and Cr-bearing 
magnetite with a granofelsic to banded appearance. The presence of preserved aragonite 
inclusions in olivine and diopside, calcite-dolomite thermometry, and thermodynamic 
equilibrium modelling constrain peak metamorphic conditions to 1.7 – 1.9 GPa and 680 °C at 
very low XCO2 (<0.008). These conditions compare well with P-T-estimates for the 
surrounding Chl-harzburgites, indicating that the meta-ophicarbonate lenses survived high 
aqueous fluid flux formed during antigorite breakdown at 660 °C. The carbonate lenses retain 
high amounts of dolomite and calcite (40 – 45 vol%), and their phase assemblages and stable 
isotope compositions of carbonate (δ18O = 13-17 ‰ V-SMOW and δ13C = -0.5-1 ‰ V-PDB) 
do not indicate a major fluid-induced decarbonation. Mass-balance calculations using 
approximated HP-solubility values for CaCO3 suggest that likely not more than 5-8 wt% 
carbonate could have been dissolved from the Almirez meta-ophicarbonates during open-
system fluid infiltration from the dehydrating host serpentinites. The dissolution of carbonate 
may additionally have been suppressed due to the fact that antigorite dehydration occurred at 
50 – 70 °C lower temperatures within the ophicarbonates in comparison to pure serpentinites. 
This could lead to the formation of a relatively impermeable shell of carbonate-bearing olivine-
diopside lithologies around the meta-ophicarbonates prior to the main serpentinite dehydration, 
thus protecting the carbonate-richer assemblages from dissolution. The example of the Almirez 
meta-ophicarbonates provides a unique insight into the behaviour of carbonates during 
serpentinite dehydration. Their survival underlines that subduction of carbonate-bearing 
serpentinites in general represents a recycling pathway for substantial amounts of carbon into 
the deep mantle. 
Funding: We acknowledge funding from the People programme (Marie Curie Actions - ITN) 
of the European Union FP7 under REA Grant Agreement n°608001.  
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Ultra high pressure terrains are the unique geological objects for the reconstruction of the 
carbon cycle in the lithosphere. Diamond and graphite coexist in all diamond bearing UHP 
terrains (Schertl & Sobolev, 2013). Graphite coating around metamorphic diamonds in UHPM 
rocks has been attributed to the partial replacement of diamond within the graphite stability 
field (Zhang et al., 1997; Massonne et al., 1998; Ogasawara et al., 2000; Zhu & Ogasawara, 
2002). Here we present the results of our ongoing study the diamond-graphite interface by 
FIB-TEM techniques.  
The focused ion beam technique (FIB) is an ideal tool for transmission electron microscopy 
(TEM) sample preparation and it allows studying the relationship between minerals on a 
submicron scale. Diamond-graphite intergrowth, occurring as inclusions in K-bearing 
tourmaline, was selected for this study. This tourmaline cannot be named maruyamaite 
(Shimizu & Ogasawara, 2005; Lussier et al., 2016) due to lower K2O contents (K2O contents 
up to 1.8 wt.%).  
The diamond + graphite inclusion was located about 3 microns below the thin section surface. 
Graphite was detected in the contact only with one {111} diamond face, whereas all other 
diamond surfaces do not show any evidence of an existence of graphite traces. The grain 
boundary between diamond and graphite is very sharp. The dissolution features were detected 
neither on diamond nor on graphite crystals. Graphite has well-ordered structure. The lack of 
disordered graphite along diamond-graphite interface indicates clearly that the origin of the 
well-ordered graphite is not related to partial diamond graphitization processes. Diffraction 
patterns of the graphite and diamond crystals testify for their epitaxial growth. Presence of the 
diamond - graphite intergrowth in UHPM rocks can be explained as follow: (i) metastable 
graphite crystallization in the diamond stability field implies an UHPM origin of K-bearing 
tourmaline or (ii) if graphite crystallization occurred in its own stability field, thus K-bearing 
tourmaline is not UHPM mineral indicator. 
This study was supported by Russian Science Foundation grant 15-17-30012. 
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Underthrusting, lower continental plates of collision zones are in most places inaccessible and 
their properties inferred by geophysical surveying. Parts of the lower continental plate may 
become tectonically detached, incorporated into the orogenic prism together with other thrust 
sheets, and ultimately exposed at the surface, as e.g. the Western Gneiss Region in the 
Scandinavian Caledonides. The deeply eroded 1.0 Ga old Sveconorwegian orogen in 
Scandinavia, however, exposes an in situ coherent underthrusting lower continental plate and 
records of its thermal evolution and behavior during collisional orogeny. A 200 km wide belt 
of igneous protoliths (1.7 Ga granite grading to granodiorite and quartz-monzonite, locally 
quartz-monzodiorite, with subordinate 1.6, 1.4, and 1.2 Ga gabbro, quartz-monzonite, and 
syenite intrusions) exposes the gradual transition from unmetamorphosed in the east to high-
pressure granulite-facies in the west, the latter at c. 40 km depth. There, current crustal 
thickness is 38–42 km, suggesting a total orogenic crustal thickness of 70–80 km. The regional 
metamorphic zoning, based on assemblages in metagabbro along a 120 km profile, grades from 
garnet-free amphibolite (<600 ºC), via eight metamorphic zones, to migmatitic pyroxene-
bearing garnet amphibolite with peritectic garnet 5–25 cm large (~850 ºC); “dry” metagabbro 
in zones 6–8 is high-pressure granulite with Grt + Cpx + Pl + Ilm + Opx + Bt + Qtz ± Hbl ± 
Kfs ± Rt. Deformation is non-penetrative in zones 1–2, near-penetrative from zone 3 and 
westwards, and partial melting begins in zone 4. An eclogite-bearing migmatitic terrane (zone 
9), tectonically extruded from c. 65 km depth, is situated at the exposed contact of the 
overriding plate (Möller et al., 2015; Tual et al., 2017).  
The 120 km gradual metamorphic transition (zones 1–8) in the lower continental plate 
demonstrates that it stayed coherent despite highly ductile deformation and partial melting. The 
lack of prograde P–T records in the metamorphic rocks suggests that, by large, the 
underthrusting plate underwent ‘instant’ metamorphic recrystallization and deformation first at 
an advanced stage of collision (at 0.98–0.97 Ga). This is in contrast to the eclogite-bearing 
terrane which records prograde metamorphic recrystallization as well as partial reequilibration 
during decompression and emplacement at 40 km depth. The investigated section is the first 
known full-scale exposure of a coherent in situ underthrusting lower continental plate, and 
provides potential for increasing our understanding of the thermal evolution, rheology, 
petrophysical properties, partial melting, distribution of volatiles – and their changes with 
temperature and depth – in an elsewhere inaccessible part of Earth’s collisional systems. 
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The Vestranden area north of the Møre–Trøndelag Fault Zone (MTFZ) consists of 1.7–1.6 Ga 
meta-plutonic gneisses (‘basement’) intercalated and polyphasally folded with banded 
amphibolite and paragneiss (‘cover’), similar to the Western Gneiss Region south of the 
MTFZ. The meta-supracrustal ‘cover’ has been correlated with the Seve Nappe Complex 
(SNC), but data supporting this interpretation are sparse (Johansson et al., 1987; Dallmeyer et 
al., 1991; Gordon et al., 2016). Reconnaissance in situ Raman analysis of micro-inclusions in 
garnet in a thin section of garnet-kyanite paragneiss of the Einarsdalen Supracrustal Unit 
(ESU; Möller, 1998, 1990), Roan, Vestranden, identified eight inclusions of microdiamond. 
The microdiamond-bearing ESU consists of two 1–200 m thick slivers, intercalated with 
mylonitic granitic gneiss, wrapping a ‘basement’ antiform (Roan Igneous Complex; HP 
granulite- to eclogite-facies; Johansson & Möller, 1986; Möller 1988). The ESU consists of 
quartz- and biotite-rich garnet-kyanite paragneisses, marble and calc-silicate, amphibolite, and 
subordinate mafic high-pressure granulite. Because of its gneissic appearance and thinness, this 
type of paragneiss sequence (and associated tectonic contacts) may pass unnoticed, unless 
well-exposed or mapped in great detail. The sample in which microdiamond was identified 
(M114-1) is biotite-poor and rich in pink garnet porphyroblasts, plagioclase, quartz, kyanite, 
and rutile; garnet hosts abundant solid and fluid micro-inclusions. U-Th-Pb dating and trace 
element characterization of zircon and monazite and further identification of micro-inclusions 
in rocks from the Roan area are under way; U-Pb dates of metamorphic zircon and monazite 
inclusions in garnet (sample M114-1) are c. 445 Ma (prel. data). The presence of micro-
diamond implies that (most?) ‘cover’ units in Vestranden have i) undergone UHP 
metamorphism, and ii) may correlate with the SNC. Although metamorphosed at superficially 
similar HPT conditions, ‘basement’ and ‘cover’ units may have undergone separate P-T-t 
evolutions. If the correlation proves correct, the SNC may prove the most extensive 
microdiamond-bearing UHP terrane yet discovered on Earth (cp. Klonowska et al., 2017). 
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The spatial extent of ultrahigh pressure metamorphic (UHPM) rocks gives critical constraint to 
evaluate the exhumation process of the relevant area. The UHPM evidence is known from 
eclogites and diamond-bearing gneiss at Tonsvika and Tromsdalstind localities in the Tromsø 
Nappe in NW Norway (Ravna & Roux, 2006; Janák et al., 2012, 2013). However, its spatial 
extent is still unknown. The zirconology is a powerful tool to unravel the spatial extent of 
UHPM rocks and their formation timing especially in UHPM terrains suffered pervasive later 
stage overprint. To understand the extent of UHPM rocks, we examined a P-T history of Grt-
Ms gneiss from Holmevaten in the Tromsø Nappe. The rock shows an augen structure 
characterized by Pl porphyroclasts in the gneissic matrix, mainly composed of micas, Grt and 
Qtz. X-ray mapping of Grt suggests that some Grt grains are zoned, such as Ca-poor (Grs9–15) 
and inclusion-rich inner-core (including Ky), Ca- and inclusion-poor outer-core and Ca (Grs16–

26)-rich rim, although most of Grt grains are free from Ca-rich rim. Most Pl grains show Ca-
rich (An25–31) core and Ca-poor (An15–22) rim. Zr-in-Rt thermometry and conventional 
geobarometry give 640–700 oC/1.5–1.7 GPa for the Grt–Pl cores and 550–590 oC/1.1–1.3 GPa 
for the rim pairs. Based on REE pattern of Grt, most domains of Grt show negative Eu 
anomaly, suggesting crystallization in Pl stability field. Zircon grains show oscillatory-zoned 
core, dark mantle and bright rim in CL image. The LA-ICPMS U-Pb dating of Zrn gives the 
concordant ages of 2800–950 Ma (core/mantle) and 490–430 Ma (rim). Older domains show 
high Th/U ratio (> 0.10), steep HREE pattern and positive Ce and negative Eu anomalies, 
suggesting the magmatic origin. Younger rims show low Th/U ratio (< 0.10), depleted HREE 
pattern and negative Eu anomaly, suggesting the metamorphic origin in Pl stability field. 
Younger ages overlap U-Pb Zrn and Ttn/Rt ages from eclogites (Corfu et al., 2003). 
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Tourmaline is shown to be a good petrogenetic indicator mineral due to its chemical and 
mechanical resistance and extensive stability at all grades of metamorphism (Marschall & 
Jiang, 2011). Discovery of microdiamond inclusions in the K-dominant zone of tourmaline 
from Kokchetav metamorphic rocks led to the occurrence of the model of its simultaneous 
crystallization with diamond in the diamond stability field (Shimizu & Ogasawara, 2005). 
Based on the diamond presence it was suggested that maruyamaite (K-bearing tourmaline) 
might be used as an indicator of UHPM conditions. 
Findings of intergranular microdiamonds in Kfs-Qz matrix testify that diamond can survive in 
metamorphic rocks without robust mineral-container due to its sustainability (Korsakov et al., 
2004). Thus, the diamond-bearing minerals were not necessary formed in the diamond stability 
field.  
Our study is devoted to the reconstruction of the PT conditions of the diamond-bearing 
tourmaline formation. Contrary to the first findings of microdiamond inclusions in 
maruyamaite (Shimizu & Ogasawara, 2005), diamonds were detected either in the tourmaline 
with a significantly lower K content or even in the K-free tourmaline. The former is a rock-
forming mineral of tourmaline-quartz rock; the latter appears as an accessory mineral in a 
garnet-clinopyroxene gneiss.  
Raman spectroscopy method was used to obtain PT parameters of inclusion entrapment by 
tourmaline. Presence of the residual pressure in the diamond and quartz inclusions allows us to 
estimate the entrapment conditions as 1.5 GPa and 800°C. Thorough study of the zircon 
inclusions from tourmaline-quartz rock corroborates tourmaline crystallization on the 
retrograde stage. Mineral assemblage of the zircon inclusions significantly differs from the 
current mineral composition of the rock, which indicates pervasive an existence of different 
paragenesis on the previous stage. This study was supported by Russian Science Foundation 
grant 15-17-30012.  
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Although there is a consensus that dehydration of downgoing oceanic lithosphere can release 
tremendous volumes of fluid, there are no decisive arguments to favor its porous or focused 
flow and related element transfer through the mantle wedge. We present the results of piston-
cylinder experiments with natural rocks and mineral separates, carried out at 750-900oC and 
2.9 GPa - conditions relevant to hot subduction zones. The experiments illustrate the 
mechanisms of metasomatic alteration of the mantle-wedge rocks such as dunite and lherzolite 
and transfer of trace elements by infiltration of СОH fluids and/or rhyolitic melts (at T=850oC) 
released from the carbonate-bearing amphibolite during its eclogitization.  
Element transfer from the slab to the mantle lithologies in the capsules was implemented by 
porous, focused and diffusion flow regimes that totally obliterate melt and carbon, and partially 
water, from the metabasite layer. The porous flow is recorded by growth of 
Opx Grt Mgs Chl along the grain boundaries and the dissolution of clinopyroxene in the 
peridotite layers. The porous flow of the same fluids/melts produces harzburgite mineralogy in 
the both dunite and lherzolite layers. The focused flow is developed along the side walls of the 
capsules and is manifested by the development of melt segregations, separated from the host 
peridotite layers by newly formed Omp Grt Phl+Opx+Mgs. The diffusion flow leads to the 
formation of Opx Mgs Grt reaction zones at the metabasite-peridotite interface.  
Trace-element compositions of the glasses agree well with high-silica adakites and TTGs, 
though enriched in K2O compared to TTGs. Trace-element profiling reveals the development 
of a Eu anomaly in the peridotite layers and diffusion of many trace elements out of the 
respective layers toward the contact zone. Since the contact zone itself actually is low in these 
elements, we assume their transfer by fluid/melt migration to the sides. The documented 
processes might applicable to both Phanerozoic and Precambrian subduction zones. 
This study was supported by RFBR grant 16-05-00495. 
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Prior to the formation of (U)HP rocks in subduction zone settings comes the evolution of a 
subduction zone from the start as shallow thrust fault to a slab that cooled its mantle 
surroundings reaching depths beyond 100 km. Where and how subduction initiates within 
oceanic domains remains debated. Metamorphic soles, few-hundred-meters thick sequences of 
strongly foliated metabasites and pelagic sediments found below the mantle section of 
typically supra-subduction-zone (SSZ) ophiolites, record high (up to ~ 850 °C) metamorphic 
temperatures at pressures up to 10–15 kbar. These metamorphic conditions are uncommon in 
normal subduction zones and are thus interpreted to reflect (intra-oceanic) subduction 
initiation, whereby soles represent the volcano-sedimentary top of a nascent subducting slab 
that accreted to hot overriding peridotites. 
40Ar/39Ar hornblende ages of metamorphic soles invariably overlap with overlying SSZ 
ophiolites’ crustal crystallization ages, suggesting that spreading and sole cooling are causally 
linked. The time between the inception of subduction and sole cooling is generally assumed to 
be short, but remains unquantified. In this study, the sole sections of three Tethyan SSZ 
ophiolites were exposed to our integrated petrological analysis and multi-mineral chronology.  
Results demonstrate that the Pιnarbaşι metamorphic sole (Turkey) started to undergo 
metamorphism around 104 Ma (Lu-Hf garnet chronology), earlier than new c. 94 Ma U-Pb 
zircon ages and published 40Ar/39Ar cooling ages of about 90–94 Ma. Lu-Hf garnet chronology 
on Jurassic soles in northern Greece provides ages around 169 Ma for the lower grade garnet-
micaschists of the sole at Pindos, and ages of c. 171 Ma from the highest grade garnet-
amphibolites in Vourinos, both synchronous with published 40Ar/39Ar cooling ages on 
hornblendes. The results demonstrate that the difference between the formation and cooling of 
the metamorphic sole, and thereby the mechanism of sole formation and exhumation, may vary 
for different tectonic settings where metamorphic soles occur.  
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The western part of CAOB comprises large blocks with Proterozoic continental crust, 
separated by Paleozoic nappes, consisting of oceanic and island-arc complexes. Metamorphic 
complexes, represented by various schists with bodies of eclogites and garnet amphibolites, are 
present among the Precambrian crustal complexes (e.g. Kokchetav, Chu-Kendyktas massifs; 
Degtyarev et al., 2017). (Ultra-) high-pressure garnet and spinel peridotites, characteristic of 
many orogenic belts worldwide, have been described only in Kokchetav massif, and 
interpreted to have been formed from metasomatized basalts, imbedded into the upper parts of 
the continental crust prior subduction (e.g. Reverdatto et al., 2008).  
Anrakhai complex (SE part of Chu-Ili Mountains, S Kazakhstan), is formed by strongly 
retrogressed paragneisses and orthogneisses, containing bodies of eclogites and garnet 
clinopyroxenites, representing derivatives of intraplate tholeiitic melts, introduced into 
continental crust before HP metamorphism (Pilitsyna et al., 2017). Spinel peridotites (Cr-
Spl+Ol+Opx+Cpx+Amp) discovered recently within paragneisses are characterized by whole-
rock MgO (27-38 wt. %), Cr2O3 (700-3500 ppm), TiO2 (0.02-0.04 wt. %) and contain 
abundant 1) symplectitic and 2) coronitic microdomains. The first are represented by fine-
grained fibrous intergrowths of diopside, hypersthene and Al-spinel, enclosed by later, coarser-
grained symplectites of amphibole with Al-rich spinel. The coronas around olivine consist of 
Opx with low Al2O3 contents (0.5 - 2 wt. %), in many cases associated with the nodular grains 
of Cr-Spl, revealing zonation from core to rim (from 35 to 1-2 wt. % of Cr2O3). At absence of 
garnet and plagioclase in the rocks, not allowing for use of the conventional 
geothermobarometry, calculated local bulk compositions of the symplectitic and coronitic 
domains were used in modeling with Perple_X software package application. The obtained 
values (P = 9.5-14.5 kbar; T = 600-800º C) correspond to the Grt to Spl peridotite boundary 
(Klemme & O’Neill, 2000b), indicating that the ultramafics have achieved garnet stability field 
and were re-equilibrated during exhumation with symplectites and coronas formation.   
The study was supported by RSF (14-27-00058) and RFBR (14-05-00920). 
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High pressure - low temperature, unique eclogites from Western Colombia have been studied 
in order to better understand their occurrence and petrogenesis. They are found within the 
Arquía Complex (Pijao municipality, western flank of the Cordillera Central, Colombia), 
which mainly consists of graphite-micaceous schists, amphibole schists, amphibolites, garnet 
amphibolites, quartz-sericite schists, quartzites and eclogites. The Arquía Complex is likely a 
tectonic mélange that formed during a continental arc collision in the upper Cretaceous (Rios 
et al., 2008, Ruiz et al., 2012). Field and petrographic data show that eclogites found at 
Pijao, are part of a series of lenses and tectonic blocks mainly hosted within the amphibolite-
facies rocks. Two separate metamorphic events are recognized. The first one is characterized 
by penetrative metamorphic foliation and mineral lineation (S1-L1) and consists of 
Grt+Omp+Cpx+Hbl+Act+Cum+Rt ±Py±Czo±Qz assemblages. The second metamorphic 
event is associated with a shear band foliation (S2) (possibly due to the stacking of different 
lenses of eclogites and other units of Arquía Complex); it consists of Grt+Omp+Amp+Qz 
assemblages, characterized by xenoblastic and heteroblastic crystals with curvilinear edges, 
and with orientation parallel to the metamorphic foliation (S1). Thereafter, Ca-rich fluids were 
introduced, which produced zoisite-rich assemblages, documenting a pronounced lineation 
(L2). 
Retrograde stages are testified by: symplectites in hornblende, actinolite and omphacite; simple 
and double kelifitic rims around garnet; titanite haloes after rutile, ribbons polymineralics (S3), 
and a local greenschist-facies overprinting. A third deformation event is interpreted as the final 
stages of the exhumation. This generated microfaults (S6), cataclasis and intracrystalline 
deformation recorded in Qz, Cal+Ms+Qz veinlets with sericite halo (S4) and opaque + Qz 
veins (S5), where these last two indicate events of introduction of fluids to the system. Our 
preliminary study provides further data on eclogites and retrograde eclogites at Pijao, which 
together with geochronological, lithological and structural evidences support the occurrence of 
a Cretaceous subduction paleocanal in Western Colombia. (Bustamante et al., 2011). 
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Websteritic and rare garnet orthopyroxenite and clinopyroxenite dykes, crosscutting a 
harzburgite, were dated at 252±2.4 Ma on zircon (a clinopyroxenite dyke, s. ST-8; U/Pb 
SIMS). This kilometre-size mantle fragment is associated with the HP metamorphosed 
continental crust fragment of an Austroalpine (Sieggraben) structural complex (Putiš et al., 
2002) in the Eastern Alps between Steinbach and Gschorrholz in Burgenland, Austria. The 
eclogitized continental crust fragment, composed of eclogites, marbles, gneisses, is crosscut by 
Permian (256±2.8 Ma, s. GS-8; zircon SIMS U/Pb age) gneisseous granite veins. The 
Cretaceous subduction was dated on zircon from an Ordovician gabbro (468.8±5.4 Ma, s. S-
202-3) transformed to an eclogite lens (s. SW-1) at 89.8±4.2 Ma of this complex typically 
located between Sieggraben and Schwarzenbach (ca. 80 km south of Vienna). 
The ultramafic dykes contain various mineral breakdown textures. The breakdown phases were 
the tschermakite-rich clinopyroxene, orthopyroxene, spinel and Mg-hornblende. The Ti-spinel 
nad ilmenite exsolutions indicate nearly isobaric cooling in a mantle wedge (D0 event). The 
garnet exsolution, corona and Cpx-Grt symplectite textures from Ts-rich Cpx, or Grt 
exsolutions and coronas of Opx and Mg-Hbl, and Spl replacement by Grt suggest a 
compression (D1, subduction) event. In contrast, Grt replacement by Prg–Spl symplectite in 
clinopyroxenite, Opx–Spl symplectite in orthopyroxenite, and Ol–Spl or Opx–Spl symplectites 
replacing Cr-rich Spl in websterite, indicate a high-temperature decompression (D2, 
exhumation) event. The Perple_X pseudosection calculation from a clinopyroxenite dyke 
yielded peak D1 burial conditions at ~825–850 °C and 25.5–27.5 kbar. The D1 peak 
assemblage of Grt (or Cr-Spl), Cpx, Ol, Ky, Zo, Rt, Mgs/Dol, ±Prg-Amp and the estimated P–
T conditions suggest that the mantle wedge fragment was dragged by the subducting 
continental slab and underwent eclogite-facies metamorphism. Garnet (or Cr-Spl) replacement 
by Spl-bearing symplectites during the D2 exhumation were estimated at ~800–650 °C and 
17–13 kbar. Zircon dating at ca. 90 Ma most likely fix this event. The D3 exhumation event in 
mostly amphibolite facies (Tr, Ep, Mg-Chl, Ctl, Mag) occurred due to ductile normal faulting 
and erosion within the Cretaceous accretionary wedge. 
Acknowledgements: APVV-15-0050 and VEGA 1/0079/15 grants are greatly acknowledged. 
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By ~1985, it was known that Trollheimen contains two structural levels of Baltican ~1650 Ma 
gneissic granitic basement, each overlain unconformably by Late Neoproterozoic quartzite and 
conglomerate. The upper level has boudins of eclogite/garnet-corona gabbro not found in the 
lower level, indicating that it was metamorphosed at higher T and greater depth, and had been 
thrust SE over the lower basement for >80 km (Storli Thrust). The scarcity of mafic boudins 
suggested that quantification of metamorphic differences by petrology would be difficult. The 
discordia array of Tucker et al. (1987, 2004), of partially to completely reset titanite U-Pb ages 
in basement, came from 38 localities in a 50x100km area farther NW; one of them in 
Trollheimen, in the lower basement at Sunndalsøra. The upper intercept was 1657 ±3 Ma; the 
lower 395 ±3 Ma, like late Scandian amphibolite-facies U-Pb pegmatite zircon ages (Krogh et 
al., 2011) in the eclogite region farther W. We reasoned that Trollheimen upper basement 
would show greater resetting of ~1650 Ma titanite than the lower, so samples were collected at 
both levels.  
Titanite U-Pb ages from the 10 new localities, define an upper intercept of 1650.8 ± 2.6 Ma. 
The lower intercept age of 406.7 ±1.6 Ma is mainly constrained by neo-crystallized monazite, 
because newly formed titanite is very unradiogenic. The two gneiss levels exposed in small 
and large dome-like structures gave the following results from SE to NW: Blåfjellet: 1005, 
Upper 10.1%, 25.0%, Av. 17.55%; 1008, Lower 1.7%, 1.7%, Av.1.7%; Okla: 1003, Upper 
19.5%, 15.4%, Av. 17.45%; 1011, Lower 10.2%; 1012, Lower quartzite monazite 406.7 ±1.6 
Ma; Tindfjellet (Grasjoen): 1024, Upper 28.3, 17.4 Av. 22.85%; 1022, Lower ~400 Ma; 1023 
Lower quartzite ~400 Ma; Tindfjellet (Vinddøldalen): 1013 Upper 26.5%, and ~400 Ma; 
1015, Lower ~400 Ma; Sunndalsøra: 9 Lower 24.3% (Tucker et al., 2004). 
Results from Blåfjellet and Okla fulfill expectations. Those from Tindfjellet, near the 
overturned SE limb of the Surnadal Synform, are inconclusive, biased by common Pb. Those 
included Upper Basement sample 1013, 250 meters N of the Vinddøldalen eclogite/corona 
gabbro with U-Pb zircon age 425 ±10 Ma (Beckman et al., 2014). Titanite at Sunndalsøra also 
fits expectations, though a parallel upper basement sample is lacking. The neo-crystallized 
monazite age 406.7 from Lower Quartzite in the Okla Dome is like eclogite ages far to the W 
(Krogh et al., 2011). Regional relations, show that original nappe stacking came before early 
recumbent folding, in turn before the Storli Thrust, that we think relates to the time of eclogite 
exhumation ~395 Ma. 
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Structures in the N of the Western Gneiss Region preclude that HP and UHP rocks were 
exhumed as a single unit attached to Baltica. Major out-of-sequence imbrication of Baltican 
basement and nappes in Trollheimen and near the Swedish border is described elsewhere. It is 
also found in the Rekdalshesten antiform (SW of Molde), in the S part of Nordøyane (“the 
north islands”) and in the S of the Midsund islands. Here normal eclogite-bearing basement 
and tectonic cover, already recumbently folded together, were thrust over eclogite-free 
basement and cover during intermediate development. More recumbent folding followed this, 
then orogen-parallel folding/shearing of the region-wide late Scandian sinistral transtension. 
Features described in S Nordøyane are sharply truncated to the N by the N-dipping 
amphibolite-facies Åkre Mylonite Zone, with continued more focused subhorizontal sinistral 
shear. This is the S boundary of the Nordøyane UHP domain in these islands, N of which 
scattered evidence is found for UHP metamorphism, mostly in Baltican basement, but locally 
in the Blåhø cover nappe. These include the Kvalvika garnet peridotite, majorite-bearing garnet 
peridotite at Skulen, and coesite pseudomorphs in eclogite at Nogva, all on Flemsøy; 
microdiamonds and majoritic garnet at Bardane, W Fjørtoft; coesite pseudomorphs in eclogite, 
mid Fjørtoft; reported microdiamonds in garnet gneiss, E Fjørtoft; and actual coesite in 
phengite eclogite on Harøy. Some locations give evidence for an early transverse “subduction 
fabric” that escaped the transtensional overprint. 
Similar earlier history is shown in the S of the Midsund islands, truncated to the N by the S-
dipping amphibolite-facies Midsund Mylonite Zone at the S boundary of the Nørdoyane UHP 
domain, again with evidence for UHP metamorphism such as eclogites with extremely-low-Al 
orthopyroxene, Ugelvik and Raudhaugene majoritic-garnet-bearing peridotites, and the 
Svartberget microdiamond-bearing metasomatic garnetite. Contrary to its surroundings of 
sinistrally sheared rocks and the Åkre Mylonite, the Midsund Mylonite is pervaded by 
evidence for dextral shear, providing a yet unsolved conundrum. 
With parallel geology in Nordøyane and Midsund, continuous geology might be between, but 
submarine topography and structure on Sandøy (E of Harøy) indicate a major, probably 
Mesozoic, NE-SW Harøyfjorden normal fault cutting the grain with all Nordøyane dropped W. 
Islet outcrops suggest that eclogite-facies Blåhø Nappe cover, as on Gossa (E of Harøy), is in a 
narrow fault-bounded tract between Nordøyane and Midsund. 
Despite evidence for SE-directed thrusting of eclogite-bearing over eclogite-free basement in S 
Nordøyane and Midsund, the mylonite zones on the UHP boundaries provide only evidence for 
subhorizontal motions, themselves contradictory, and little for vertical motions potentially 
related to UHP exhumation. Further we don’t know the E nor N limits of this UHP domain, but 
suspect that higher T’s diminished the preservation of UHP evidence. 
  



110 
 

Accessory minerals in HP and UHP rocks: the problem of inclusions  
and “pseudo-inclusions” 

 
1Schertl, H.-P., 2Hertwig, A., 1Maresch, W.V., 3Li, X.-P. 

 
1Institute of Geology, Mineralogy and Geophysics, Ruhr-University Bochum, 44780 Bochum, Germany 
2WiscSIMS, Department of Geoscience, University of Wisconsin-Madison, USA 
3Shandong Provincial Key Laboratory of Depositional Mineralization & Sedimentary Minerals, Shandong 
University of Science and Technology, Qingdao, China 
 
Mineral inclusions in rigid accessory minerals are of considerable petrological importance, and 
common accessories such as zircon, monazite and rutile are known to be significant container 
minerals that can provide valuable information on the prograde history of a rock. 
For zircon, for example, one key objective is to link the ages of distinct inclusion-bearing 
domains, made visible using cathodoluminescence techniques, to particular mineral 
assemblages (and thus to the PT-conditions derived from them) as well as to spatially resolved 
geochemical and isotope data. However, host minerals and their inclusions must be very 
carefully examined, and interpretations treated with caution, since so-called “pseudo-
inclusions” have been discovered which do not represent primary mineral inclusions, but are a 
product of later fluid influx into the host minerals along minute cracks. In the case of zircon in 
UHP pyrope-quartzite rocks from the Dora-Maira Massif, for example, magmatic core 
domains of zircon (270 Ma) contain metamorphic inclusions of coesite or high-Si phengite 
formed at about 35 Ma. Similar examples are known from HP albite-jadeite rocks, jadeitites 
and their blueschist country rocks in the Rio San Juan Complex (RSJC), Dominican Republic. 
Here, for instance, magmatic domains of zircon from a blueschist formed at about 115 Ma 
contain lawsonite inclusions which were presumably formed at about 78 Ma. Such zircon 
domains were characterized using REE and trace-element as well as oxygen-isotope analysis, 
and were shown to be typical for zircon formed in igneous oceanic crust. A number of zircon 
domains from jadeitite of the RSJC contain inclusions of omphacite and jadeite, which were 
initially interpreted to have grown simultaneously with the zircon (thus providing a 
metamorphic age). However, subsequent studies have shown that the age of these domains 
must represent the age of the earlier protolith formation rather than the later jadeitite 
crystallization.  
Pyrite is a novel new “container mineral” for HP metamorphic mineral inclusions that has been 
underestimated so far. The above jadeite-bearing rocks from the RSJC contain pyrite crystals 
with jadeite inclusions. In a second example, pyrite from a two-mica, epidote–plagioclase 
gneiss from Qianliyan Island in China contains inclusions of garnet and omphacite, pointing to 
earlier eclogite-facies conditions. This gneiss underwent intensive low-P recrystallization, and 
as a result neither garnet nor omphacite survived in the matrix. 
We conclude that mineral inclusions in accessories are of enormous significance, but the 
interrelationship between the enclosed mineral and its host must be studied very carefully in 
order to avoid misleading interpretations.  
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The results of isotopic and geochemical studies of the eclogites from western UHP and eastern 
HP segments of the Kokchetav massif are presented. Their peak metamorphic temperatures 
generally range from 630 to 950°C with UHP metamorphism occurred at 530 Ma (Shatsky et 
al., 1999). The majority of eclogites display flat REE distribution pattern. All eclogites except 
few are enriched in REE relative to MORB. Three eclogites have REE distribution pattern 
close to N-MORB (Sulu-Tyube and Borovoe localities). Three eclogites from Kulet, Kumdy-
Kol and Barchy localities display strong LREE depletion with (La/Yb)N of 0.33-0.11. In 
primitive-mantle normalized spider diagrams the majority of eclogites demonstrate patterns of 
relatively immobile elements close to E-type MORB. Six samples have negative Nb anomaly 
suggesting crustal contribution in their origin. Eclogites of the Sulu-Tyube and Borovoe areas 
display patterns of relatively immobile elements close to N-MORB. However, like the above-
mentioned samples, these eclogites have strong positive Pb anomaly and enrichment in LILEs. 
The eclogites are characterized by broad variations in the ratios of 147Sm/144Nd (0.367-0.143). 
The isotope studies showed most of the Kockhetav eclogites (15 of 21) to have positive εNd(t) 
values (from +1.4 to +8.1). Seven eclogites with low εNd(t) values are probably due to crustal 
contamination. The crustal input to the protolith of the Kokchetav eclogites is evident in the 
plots of εNd(T) versus 86Sr/87Sr and εNd(T) versus T where eclogites define a trend from DM to 
country rocks. The model age of the eclogites ranges from 1950 to 670 Ma. The youngest 
model age has been obtained for the eclogite from the Sulu-Tyube area that has depleted values 
of εNd(530) (+7.2) and 87Sr/86Sr (0.70393) close to DM. These eclogites were likely 
metamorphosed from mafic igneous rocks that were produced during continental rifting in the 
Neoproterozoic. 
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Ultrahigh pressure metamorphic (UHPM) complexes are excellent objects to study the 
evolution of carbonaceous material in subduction zones. During metamorphic processes 
carbon-bearing material is progressively transformed into graphite and becomes fully-ordered 
at >650°C as heteroatoms are removed from the graphite structure (Beyssac et al., 2002). 
Further increase of PT-conditions leads to transformation of graphite into diamond. The 
diamond graphitization during the retrograde metamorphic stage is the most popular model for 
explaining the disordered graphite formation in UHPM complexes. There are three alternative 
models: (i) graphitization of organic compounds during the prograde metamorphic stage 
(Beyssac et al., 2002) (ii) precipitation from COH-fluid upon quenching (Sokol et al., 2001) 
(iii) destroying of graphite layers during the sample polishing (Wopenka&Pasteris, 1993). In 
order to verify these models, 3D Raman images of C and SiO2 intergrowth in kyanite were 
collected using a Confocal Raman spectroscopy WITec~alpha300R. The 3D Raman imaging 
of this intergrowth revealed that there is optically undetectable disordered graphite at the 
boundary between coesite core and retrograde palisade quartz (Shchepetova et al., 2017). The 
coesite + disordered graphite assemblage is forbidden in UHPM complexes. Diamonds have 
graphite coating neither in the graphite rich core nor in the clean rim of kyanite porphyroblasts. 
These findings testify for another mechanism of disordered graphite formation, which is not 
related to retrograde diamond graphitization. 3D Raman imaging of fluid inclusions and C-
SiO2 polymorphs shows that diamond graphitization during the retrograde metamorphic stage 
is very unlikely, and that disordered graphite in UHP-HT metamorphic complexes rather forms 
by carbon precipitation from UHPM fluids.  
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The Neoproterozoic North Muya complex (northeastern Transbaikalia, Russia) containing 
eclogites (630 and 638 Ma, new zircon U-Pb data) mark the Ediacarian subduction processes 
during the closure of the northeastern Paleoasian Ocean (Shatckii et al., 2014). The extended 
geochemical and Sr-Nd-O dataset for eclogites from outcrops and alluvial deposits has been 
acquired to constrain the nature of their protolith. Trace element discrimination (REE, HFSE) 
along with distribution patterns (mostly flat or slightly negative with Nb-Ta and Ti minima) 
resemble the tholeitic island-arc origin of precursor mafic rocks. For majority of eclogites, Nd 
(εNd(630) +3.0...-3.0) and Sr (87Sr/86Sri within 0.705-0.709) isotope composition are variably 
enriched with unradiogenic component reflecting variable crustal contribution. Mineral δ18OV-

SMOW is mostly within +3.9...+5.3 well beyond typical mantle values that suggests a 
progressive high-T interaction with meteoritic water or the input from hydrothermally altered 
crustal substrate into precursor suprasubduction magmas through subduction recycling or 
intracrustal contamination. For one eclogite with a clear Sr maximum and an anomalously high 
δ18OV-SMOW of +7.4.+8.4, the shallow low-T seawater alteration or contamination by similar 
altered crustal component is suggested. The two LREE-depleted eclogites with HFSE minima 
have remarkably depleted Nd composition (εNd(630) of 7.0 and 6.1) that may link their 
protolith with the most primitive arc magmas of the same arc system. A series of carbonate-
bearing eclogite-like rocks with contrasting PT-parameters has low TiO2 (0.2-0.4%), Al2O3 
(7.6-8.7%), higher LREE/HREE, clear Eu- (for three samples) and Nb-Ta, Sr-P, Zr-Hf and Ti 
minima accompanied by strongly negative εNd(630) (-7.2 to -16.9). For the three of such 
samples, mineral δ18OV-SMOW is notably higher than mantle ones (+5.8...+8.3). These rocks may 
represent fragments of the Early Precambrian crust of the Muya block metasomatized via 
Neoproterozoic carbonatitic magmatism, with at least some of these rocks involved into the 
same process of the Ediacarian subduction.  
This ongoing study is supported by RFBR (Grant No 16-05-00189) and the President of 
Russian Federation (Grant MK 4852.2016.5). 
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The geological interpretation of high- and ultrahigh pressure (HP, UHP) processes depends on 
our ability to accurately and precisely place them in a tectonic time line. Nevertheless, 
chronology of (U)HP processes is nontrivial; accessory minerals – commonly used in 
chronology – may be absent or difficult to interpret in terms of petrological processes. Garnet 
Lu-Hf and 147Sm-143Nd dating provide powerful alternatives (Baxter & Scherer, 2013). Owing 
to its higher closure temperature, Lu-Hf chronology has gained particular interest; the method 
is now used commonly to date eclogitization at a precision of 1 % RSD or better (e.g., 
Duchêne et al., 1997; Kylander-Clark et al., 2007; Herwartz et al., 2011).  
Theoretical models have recently questioned the accuracy of Lu-Hf chronology, predicting 
dispersion and skewing of Lu-Hf ages due to a specific combination of geological and sample-
specific factors (Bloch & Ganguly, 2015). An evaluation of >80 Lu-Hf isochrons produced in 
3 labs during the past 10 years, however, shows that such artifacts are either rare or non-
existent. In reality, Lu-Hf age data from eclogites or other garnet-bearing rocks show 
predictable and interpretable (dis-)agreement with Sm-Nd and U-Pb data. Strikingly, Lu-Hf 
garnet and U-Pb zircon ages from eclogites are typically inconsistent, even when REE 
signatures suggest garnet-zircon co-crystallization. This could reflect that (re-)crystallization of 
eclogitic minerals is fluid-driven and involves localized, rather than rock-wide equilibrium.  
Garnet Lu-Hf dating in ultramafic rocks provides a current frontier in (U)HP chronology. With 
ongoing research into closure systematics (Scherer et al., 2000; Smit et al., 2013), garnet may 
now be used as a mantle thermo-chronometer. To explore this, we performed grain-size 
controlled Lu-Hf chronology on (Cr-)pyrope from UHP mantle fragments from Western 
Norway. The data show the ability of this entirely new approach to elucidate the long-term 
evolution of the lithospheric mantle. 
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Eclogites, usually moderately or strongly retrograded to banal garnet amphibolites, have long 
been known to occur sparsely at several localities in Hercynian terrains of France (e.g., 
Vendée, Loire-Atlantique, Limousin, Vosges…). A new sample (F19i) of a “fresh” (<10%-
retrogressed), banded, kyanite-phengite eclogite from a new locality near Benayes village 
(Corrèze, Limousin, in the western “Massif Central”) is presented here, since it shows several 
remarkable petrological features. Anhedral (< 2 mm) omphacite (Jd25–30) grains are usually full 
of very narrow parallel needles of quartz (not coesite), exactly as was found by Smith (1988) at 
Essdalen, Norway, and at Rendeelven, Greenland. As in those cases, the preferred model is 
that the needles in sample F19i have been exsolved from a previous higher-pressure, “Eskola’s 
molecule”-bearing, supersilicic clinopyroxene, as defined by a structural formula having a 
cationic Si value greater than that of the stoichiometric “R4O6-line” linking pyroxene-garnet-
corundum in SHAND space (Smith, 2006). Equant (< 1 mm) garnets (Pyr47Alm33Spe1Gro19) 
reveal abundant inclusions of kyanite or of rutile, which are arranged in regularly shaped zones 
that probably represent, respectively, the locations of previous An-rich plagioclase and titan-
augite pyroxene in a presumed micro-gabbroic protolith. Small grains of twinned kyanite, 
minor K-feldspar, a few laths of strongly-altered phengite and abundant “early-amphibole” 
complete the eclogite-facies paragenesis. “Early-amphibole” is poikiloblastic, large (< 5 mm), 
colourless magnesio-hornblende forming “seas” containing innumerable “islands” of 
unchanged garnet or clinopyroxene that take up about 50 % of the total volume, but, 
importantly, without any inclusions of plagioclase. They were likely created by high-P syn-
eclogite-facies hydration of initial anhydrous eclogite. Many of the petrographical features of 
sample F19i are very similar to those of the eclogites in Vendée (Godard, 1988) and in the 
Norwegian CEP (coesite-eclogite province; Smith, 1988). It has now become credible that at 
least some of the eclogites of Limousin have experienced pressures that were higher than 
previously thought. Corrézian eclogites merit a new look. 
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The first cratons stabilised during the Earth's thermal peak more than 2.5 billion years ago by 
extensive mantle melt extraction, but the responsible geodynamic environment, i.e. mantle 
plume, spreading centre or subduction zone, and thus plate tectonics' involvement remains 
highly controversial (Arndt et al., 2009; Herzberg & Rudnick, 2012). Distinction between the 
contrasting scenarios relies on the clear recognition of mantle melting pressure and tempe-
rature that is challenged by subsequent chemical and metamorphic overprints of residues. 
Here we identify pressure and temperature of peridotite melting indirectly from inferred melts 
enclosed in harzburgite and dunite of the East Greenland cratonic mantle, exposed as peridotite 
massifs in western Norway (Van Roermund et al., 2000). Layers of Palaeo-Archaean garnet 
websterite (Spengler et al., 2009) have major and rare earth element contents that are 
comparable to those of Archaean Al-enriched komatiite (Arndt & Lesher, 2005; Robin-Popieul 
et al., 2012). Major element contents and ratios differ from those in rocks expected to form by 
reaction of peridotite with basaltic or silica-rich melts. The chemical similarity between 
komatiite and garnet websterite suggests for the latter an origin involving melting of a garnet-
bearing depleted mantle source (Herzberg, 1995; Robin-Popieul et al., 2012). In addition, 
pyroxene exsolution of one percent or little more within garnet of komatiitic websterite 
requires the unexsolved precursor to have crystallised at the solidus in the majorite garnet 
stability field, at 3-4 GPa and minimum 1600 °C (Gasparik, 2000).  
By implication, the garnet websterite represents the first recognized deep plutonic komatiite. It 
follows that a Palaeo-Archaean mantle plume may have formed the oldest known Greenland 
lithospheric mantle, apparently creating a cratonic nucleus. 
 
Arndt, N.T., Lesher, C.M. (2005) Komatiite. In Selley, R.C., Cocks, L.R.M., Plimer, I.R. (eds.) Encyclopedia of 

Geology, vol. 3, 260–267, Elsevier. 
Arndt, N.T., Coltrice, N., Helmsteadt, H., Gregoire, M. (2009) Origin of Archean subcontinental lithospheric 

mantle: some petrological constraints. Lithos 109:61-71. 
Gasparik, T. (2000) An internally consistent thermodynamic model for the system CaO-MgO-Al2O3-SiO2 derived 

primarily from phase equilibrium data. The Journal of Geology 108:103-119. 
Herzberg, C. (1995) Generation of plume magmas through time: an experimental perspective. Chemical Geology 

126:1-16. 
Herzberg, C., Rudnick, R. (2012) Formation of cratonic lithosphere: an integrated thermal and petrological model. 

Lithos 149:4-15. 
Robin-Popieul, C.C.M. et al. (2012) A new model for Barberton komatiites: deep critical melting with high melt 

retention. Journal of Petrology 53:2191-2229. 
Spengler, D., Brueckner, H.K., Van Roermund, H.L.M., Drury, M.R., Mason, P.R.D. (2009) Long-lived, cold 

burial of Baltica to 200 km depth. Earth and Planetary Science Letters 281:27-35. 
Van Roermund, H.L.M., Drury, M.R., Barnhoorn, A., De Ronde, A.A. (2000) Super-silicic garnet microstructures 

from an orogenic garnet peridotite, evidence for an ultra-deep (>6 GPa) origin. Journal of Metamorphic 
Geology 18:135-147. 

  



117 
 

Characteristic of Epidote at High Pressure and High Temperature 
 

1Su, W., 1Chen, L., 2Liu, Z. 
 
1State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of 
Sciences, Beijing 100029, China  
2Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road N.W., Washington, D.C. 
20015, U.S.A. 
 
Hydrous minerals have long been considered to be the major source for transporting and 

Epidotes, Ca2(Al, Fe)3[Si2O7][SiO4]O(OH), are of 
particular interest for the study of hydrous minerals because they concern: (1) the manner in 
which water is retained in the upper mantle of the planet (e.g., Poli & Schmidt, 2002); (2) are 
important Ca-Al-silicates in many metabasites, metapelites and metacherts that are 
characterized by high P/T ratios. Such high P/T ratios are typical for subduction zones and the 
HP and UHP metamorphism during continent-continent collisions (e.g., Liou, 1993). (3) the 
role they may play in subduction dynamics due to their anomalous rheology (Stockhert et al. 
1999); (4) are the most important Sr and REE reservoirs at HP and UHP conditions where they 
are a major Ca-Al-silicate, and their stability strongly controls the recycling of Sr and REE in 
HP-UHP environments or during subduction (e.g., Nagasaki & Enami, 1998). 
The hydroxyl bound within the crystalline structure of hydrous minerals, as well as changes in 
hydrogen bond symmetry, can impact the bulk properties of these minerals. In this study, 3 
natural epidote samples were probed with micro-Raman, mid-infrared spectra and synchrotron 
X-ray diffraction in situ in a diamond-anvil cell (DAC) as a function of high pressure (up to 20 
GPa) : pressure and temperature dependences of defect 
structures, IR/Raman frequencies, relative energies, crystal structure, etc. We also discuss 
effects of pressure and temperature on hydrous epidote phases. This study will advance our 
understanding of stability of epidotes and circle of hydrous phases in the subduction. 
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P-type jadeitite and jadeite-bearing retrograded eclogite occur as tectonic blocks in a limited 
area of the New Idria serpentinite body (Coleman, 1961; Tsujimori et al., 2007). The limited 
spatial occurrence of those jadeite-bearing rocks in a large serpentinite body suggests the 
jadeitite-bearing unusual retrograde mineral assemblage of eclogite was probably synchronous 
with the formation of jadeitite before diapiric upwelling of the serpentinite body. In order to 
decipher the origin and nature of fluids, which metasomatized eclogite and precipitated 
jadeitite, we studied jadeite-veins of the P-type jadeitite. The investigated jadeitite exhibits 
typical P-type features (Tsujimori & Harlow, 2012), consisting of fine-grained jadeite matrix 
with multiple veins of nearly end-member jadeite; the vein-network textures and growth 
textures of oscillatory-zoned jadeite crystals in the veins suggest that brittle microcracks of the 
fine-grained jadeite matrix were filled by jadeite precipitates repeatedly. We applied a newly 
developed in-situ analytical method (Kimura et al., 2016) to draw a possible scenario for both 
the formation of jadeitite and the retrograde metasomatism of eclogite. Inferred jadeitite-
forming fluids calculated using available partitioning coefficients show trace element patterns 
similar to experimentally-determined fluids in equilibrium with coesite-bearing 
metasedimentary rocks, although each vein differs slightly reflecting different source. In-situ 
lithium isotope analyses found a wide variation of δ7Li (−12 to +7‰; 4–68 μg/g Li); the values 
show a distribution, fitting a curve led by a rational function. The observed values, variation 
and correlation suggest that subduction zone fluids were migrated to forearc depths along slab–
mantle interface from a great depth. During the migration/upwelling process, fluids interacted 
substantially with various metamorphic rocks in the interface. In short, jadeites in both jadeitite 
and retrograde eclogite possesses a history of subduction-zone fluid integration before stepwise 
fluid infiltration at forearc depth.  
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Trace-element compositions of specific mineral inclusions in garnet (e.g., quartz, zircon and 
rutile) are commonly used to provide thermo(baro)metric estimates. However, the systematics 
of the thermometric equilibria in these minerals at high pressure and temperature are not fully 
understood. To investigate this, we analyzed in-situ quartz, rutile and zircon inclusions in a Fe-
Ti-rich eclogite from the Sveconorwegian orogen in southern Sweden by SIMS. Abundant 
quartz, rutile and zircon in distinct microstructural sites (garnet core, garnet rims and matrix) 
make this sample remarkably suitable for this study. 
A P–T path has been constrained by pseudosection modelling and an input pressure for 
thermometry was deduced for each garnet microstructural domain. For garnet cores, Zr-in-
rutile yields 700–715 °C and Ti-in-quartz 620–640 °C at 7 kbar. For garnet rims, temperature 
estimates are 760–790 °C (Zr-in-rutile) and 740–890 °C (Ti-in-quartz) at 12–18 kbar. Finally, 
matrix rutile records 775–800 °C and locally ~900 °C, and quartz records temperatures up to 
~890 °C. Alongside, direct combination of Ti in quartz and Zr in rutile isopleths yields a 
prograde path that is nearly identical to that deduced from the pseudosection. Zircon analyses 
from in-situ and separates grains generally yield temperatures 640–680 °C and up to 715 °C. 
REE patterns from zircon CL-bright cores to CL-dark rims show a Eu content increase coupled 
with a HREE depletion.  
The REE patterns and temperature estimates of zircon imply that most grains record the early 
prograde history; i.e. the onset of garnet growth and plagioclase breakdown, in agreement with 
the pseudosection. The pseudosection shows that this stage also corresponds to rutile growth 
by continuous breakdown of ilmenite – a reaction that was completed at ~730 °C. Rutile grains 
in garnet rim and the matrix grew then progressively larger along the prograde path by 
recrystallization of smaller rutile precursors. However, they generally do not record the peak-P 
temperatures, but instead yield 775–815 °C. This is interpreted to reflect recrystallization 
during a dehydration reaction involving progressive replacement of hornblende by 
clinopyroxene.  
This study illustrates that Zr-in-rutile and Ti-in-quartz thermobarometry can robustly constrain 
prograde P–T conditions and also yield important insights on recrystallization processes at 
high-temperature. Rutile and zircon crystallization are strongly dependent on metamorphic 
reactions and do not systematically record peak temperatures. The combination of trace 
element thermometry, REE-patterns, and a pseudosection model is a versatile tool for accurate 
interpretation of the metamorphic history of high-grade rocks. 
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The Gäddede-Kittelfjäll (GK) area is located in N. Jämtland/S Västerbotten, central Sweden 
and consists of the lower Köli (LK) and Seve Nappe Complexes (SNC) forming major 
allochthonous nappes that were trusted during early Caledonian times from west to east over 
the Baltic plate and its autochthonous cover. In the GK area, the SNC consists dominantly of 
three “NE-SW” running belts called from structural top to bottom western/upper (US), 
central/middle (MS) and eastern/lower (LS) belts. High and ultrahigh pressure rocks have been 
found within two tectonic lenses of the SNC: the Ertsekey- and Tjeliken tectonic lenses (Van 
Roermund, 1989). The former forms a tectonic lens in the MS belt, the latter within the LS 
belt. This abstract is focused on the HP/UHP tectonic lens of the MS belt (and overlying 
tectonic units), which consists of migmatitic Kya-Kspar gneisses, eclogites and peridotites 
(dunites, harzburgites, some of which are garnet-bearing). Sofar, the UHP metamorphic 
conditions have been found only within a meta-basic dike that cuts the Friningen garnet 
peridotite (FGP; Janak et al., 2014).. The (U)HP metamorphic conditions were dated at about 
452Ma (for metabasic dikes in FGP) and 454.8Ma (for country rock eclogites). Protolith ages 
of FGP are Archean to mid-Proterozoic, while the cross-cutting metabasic dikes are of mid-
Proterozoic age (Brueckner and Van Roermund, 2004). This information has led these authors 
to develop the following tectonic model for the LKSNC in the GK area. A micro-continental 
fragment (including underlying SCLM) collided with an inferred island arc complex (= lower 
Köli; Virisen arc with SOLM affinity) in Finnmarkian times forming the Virisen Micro-
Continental terrane (VMCT). Around 454 Ma, the SNC was subducted below VMCT (with 
associated transfer of SCLM peridotites into deeply subducted parts of SNC). Subduction was 
followed by exhumation and emplacement onto the Baltic plate followed by further tectonic 
transport to the east. 
We have tested this tectonic model by performing a pilot study about the nature (= 1: protolith 
type; 2: metamorphic overprint and 3: Caledonian exhumation path) of the classic orogenic 
peridotites exposed along the Seve-Köli boundary in the GK area (MS belt, US belt and LK 
Nappe). This study provided clear evidence that these orogenic peridotites can be divided into 
three peridotite subtypes: 1) SOLM fragments, extensively serpentinised and overprinted by a 
prograde Caledonian metamorphic signature, restricted to LK units. 2) SCLM fragments, 
entirely “retrograde” in their metamorphic nature, restricted to MS UHP units 3) An 
“intermediate” type, which is also of SCLM origin, extensively (partly?) serpentinised and 
then overprinted by a prograde, early Caledonian metamorphic event (P ≤ 10 kb; not 
subducted) followed by “exhumation”, restricted to US units.  
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During subduction, slab-derived sulfur can be mobilized during prograde metamorphism 
through sulfide-silicate redox reactions. Slab-derived sulfate may be responsible for the 
oxidation of arc magmas. Direct assessment of the deep sulfur cycle during subduction is 
required; however, limited data exist in the literature from exhumed terranes. Here we present 
sulfur isotopic and petrographic data of sulfides from exhumed terranes worldwide. Samples 
include metabasites, metasediments, jadeitites, metasomatic reaction rinds, and mélange 
matrix. Sulfides were identified petrographically to be either metamorphic or metasomatic in 
origin, and sulfide producing or consuming redox reactions were investigated. Metamorphic 
sulfides in eclogite, along with Fe3+-bearing phases, occur as inclusions in garnet and are 
absent from the Fe2+-dominated matrix mineral assemblages of the rocks. Metasomatic sulfides 
in retrogressed eclogites and blueschists are interpreted to be the result of reduction of oxidized 
sulfur-bearing fluids to produce pyrrhotite, chalcopyrite, and Fe3+-bearing silicates and oxides. 
Based on these textural observations, we propose that sulfur is oxidized and iron is reduced 
during prograde subduction metamorphism, resulting in slab fluids with the potential to oxidize 
any rocks subsequently infiltrated. 
The sulfur isotopic composition of slab-derived fluids and their oxidation state are useful 
tracers of fluid processes during subduction zone metamorphism, though δ34S is poorly 
constrained. Fluids produced from different lithologies may mix and homogenize at the slab-
mantle interface, carrying a hybridized sulfur isotope signature into the mantle and volcanic 
arc. In-situ sulfur isotope analyses were conducted by secondary ion mass spectrometry on thin 
sections and grain mounts. Electron probe trace element maps of Co, As, and Ni were used to 
target specific growth zones in sulfides. We find that: (i) δ34S values of metamorphic pyrite 
and chalcopyrite in metabasites are primarily positive (0 to +11‰), though some values are as 
low as -3.4 ‰. δ34S values of metamorphic pyrite and chalcopyrite in oceanic metasediments 
from the Franciscan formation are very negative (-31 to -19 ‰). (ii) δ34S values of 
metasomatic pyrite range from +12 ‰ in mélange zones dominated by mafic and ultramafic 
materials (Syros, Catalina), to -21‰ in rocks associated with metamorphosed black shales 
(Port Macquarie, AUS). The results suggest metabasites generally have δ34S values similar to 
oceanic basalts and altered oceanic crust. In contrast, metasediments maintain very negative 
δ34S values, consistent with sedimentary seafloor sulfides. Oxidized slab-derived fluids thus 
have the potential to have positive or negative δ34S values, depending on the proportion of 
metabasalt to metasediment. The extent to which oxidizing fluids are produced will be 
controlled by the relative proportions of sulfide and Fe3+ in a given rock.  
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Eclogite lenses were recognized recently in the Mesoproterozoic metamorphic basement 
geneiss from the Nuomuhong in the eastern part of East Kunlun Mountains. Petrological 
investigation shows that most of the eclogite bodies are retrograded into amphibole eclogite, 
with typical mineral assemblages consisting of garnet + omphacite + quartz + hornblende + 
rutile + ilmenite. The composition of garnet is Alm47-56Sps0.8-1.4Grs17-30, and the mole-fraction 
of jadeite in omphacite is 28.50-29.97%, with typical C-type eclogite signature. Geochemical 
study shows that the SiO2 contents of eclogites vary from 48.57% to 51.07%, the TiO2 contents 
vary from 1.02% to 1.32%, and w(Na2O+K2O) varies from 2.02% to 2.35%. The rare earth 
element distribution pattern is flat and shows slight enrichment in rare earth element. The 
(La/Yb)N is 1.17-2.12 and δEu is 0.92–1.05,showing that the geochemical characteristics of the 
rocks are similar to mid-ocean ridge basalt. The P-T conditions calculated by Grt-Cpx 
geothermometry and Grt-Cpx-Pl-Qtz geobarometry are 846–940ºC and 1.67-1.88GPa; the P-T 
path is clockwise. Most of the cathodoluminescence images of zircon grains from the eclogite 
show no or weak zoning, or sector zoning,without residual nuclei of inherited zircon.The Th/U 
ratio is low, mostly ranging from 0.01 to 0.1,suggesting a metamorphic affinity. The ages of 
the eclogite can bedivided into two groups. The first group of zircon U-Pb ages (SHRIMP) is 
459.1±7.6Ma (MSWD=0.33), which represents the peak metamorphic age (eclogite-facies). 
Combined with the analysis of regional metamorphic and magmatic events, its formation is 
probably associated with the Center East Kunlun Ocean northward deep subduction. The 
second group of zircon U-Pb ages is 416.9±4.0Ma (MSWD=1.2), recording the time limit, of 
the eclogite, from the eclogite facies to the granulite facies. Summarize, in the Middle-Late 
Ordovician, the Center East Kunlun Ocean had a deep northward subduction, the basaltic 
oceanic crust went through metamorphism and was transformed into eclogite at high pressure 
in the subduction zone, after which the eclogite was carried back to the surface by the 
continental crust in the final exhumation event. 
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South Altyn Tagh in northwestern China is an early Paleozoic HP/UHP metamorphic belt. The 
UHP rocks crops out principally in the Jiangalesayi and Yingelisayi areas (Zhang et al., 2002; 
Liu et al., 2007). Metamorphic rocks from the Danshuiquan area, the central part of the South 
Altyn Tagh, were previously considered as HP granulites (Cao et al., 2009). In this 
contribution, we found omphacite inclusions in the zircon from the Danshuiquan garnet 
pyroxenite and conferred the retrograded eclogite in the Danshuiquan area, which provide a 
new clue to trace the HP/UHP metamorphic evolution history of South Altyn. The retrogressed 
eclogites from the Danshuiquan area occur as lenses in the granitic gneisses. It is mainly 
composed of garnet (~35%), clinopyroxene (~40%), plagioclase (~10%), amphibole (~10%) 
and Quartz (5%) with rutile, titanite, zircon and ilmenite as accessory minerals. Grt occurs as 
idiomorphic porphyroblast coexisting with Cpx. Cpx, typically 0.5-1.5 mm in size with 
abundant quartz exsolution needles. Cpx+Pl symplectites develops on the contact edge 
between Grt and Cpx. Amp and plagioclase mainly occurred at the rim of Grt and Cpx. The CL 
images of most zircons show a core-rim structure. Minor zircon grains have relict magmatic 
core. Cores of metamorphic zircon contain mineral inclusions of Grt+Omp+Ru+Q, suggesting 
eclogite-facies metamorphic origin. The rims contain Amp+Cpx+Pl inclusions, forming at 
granulite- to amphibolite-facies conditions. LA-ICP-MS zircon U-Pb dating yielded three 
discrete age groups: (1) a Neoproterozoic protolith age of 920 Ma for the residual grains; (2) 
an eclogite-facies metamorphic age of 502±5 Ma for the metamorphic cores, and (3) a 
granulite- to amphibolite- facies retrograde age of 484±2 Ma for the rims. The petrological and 
geochronological data suggest a clockwise P-T-t path for the retrogressed eclogite. The peak 
metamorphic age of 500 Ma is consistent with previous dates of UHP eclogites from 
Jiangalesayi area (Liu et al., 2012). However, the retrograde metamorphic age is 484 Ma for 
the Danshuiquan eclogite, which is ~30 Myr older than ~450 Ma for the Jiangalesayi eclogites. 
These age differences suggest that differential exhumation of subducted continental crust of 
South Altyn HP/UHP metamorphic belt. 
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Garnet-bearing peridotites in continental collisional orogens are crucial to decipher the 
deformation processes active in the subduction zones. Here I report the deformation features of 
a garnet-bearing peridotite from Ganyu in the Sulu terrane, eastern China. The studied 
peridotites display a typical porphyroclastic texture characterized by large, weakly deformed 
porphyroclasts (1-2 mm across) of orthopyroxene and fewer clinopyroxene enclosed in a fine-
grained matrix composed of olivine, orthopyroxene, clinopyroxene, amphibole, garnet, spinel, 
and chromite. Electron backscattered diffraction (EBSD) measurements revealed that olivine 
shows a B-type crystallographic preferred orientations (CPOs), featured by a girdle of [010] 
axes normal to the foliation, and a point maximum of [001] axes nearly parallel to the 
lineation. Orthopyroxene and clinopyroxene neoblasts both show strong and significant CPOs. 
For orthopyroxene neoblasts, the [001] axes are concentrated parallel to the lineation, while the 
[100] axes are spreading in a plane normal to the foliation plane. For clinopyroxene neoblasts, 
the [001] axes are clustered parallel to the lineation, while the (010) planes form a girdle 
normal to the foliation plane. Amphibole CPOs resemble those of clinopyroxene neoblasts. 
Based on the petrographic and microstructural observations, I consider that the olivine CPOs 
are not caused by slip system transition induced by either water or high pressure because both 
cases require that dislocation creep dominates the deformation. Petrographic features are 
inconsistent with several hypotheses previously proposed to interpret the formation of the B-
type olivine CPO either (e.g., Holtzman et al., 2003; Sundberg & Cooper, 2008; Nagaya et al., 
2014; Precigout & Hirth, 2014). Here I considered that diffusion creep dominated the 
deformation of the Ganyu peridotites. Olivine CPOs are inherited growth fabrics resulting from 
ultrahigh-pressure metamorphism under stress. This is consistent with structural studies on 
many high-/ultra-high pressure rocks from continental subduction zones which demonstrated 
that these rocks are deformed exclusively by dissolution-precipitation creep and stress 
magnitude within subduction zones is low (~ 10 MPa). It also reconciles with the field 
observations that peridotites usually occur as lenses and boudins within gneiss, which suggests 
that the former is more competent compared to the latter. This study provides direct evidence 
for low-stress deformation of peridotites in continental subduction zones during their 
exhumation en route to the surface. 
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Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a powerful 
micro-analytical tool and has been widely used in geosciences because of its ability to rapidly 
and precisely analyze isotopes in situ with a typical 30-80 micron spatial resolution. We have 
set up a new method for U–Pb dating of zircon with a higher spatial resolution at a scale of 
5.8–7.4 μm in diameter and < 3 μm in sampling depth (< 0.5 ng of zircon material 
consumption) using 193 nm ArF excimer laser ablation system coupled with multiple ion 
counters inductively coupled plasma mass spectrometry (LA-MIC-ICPMS). Ion counters have 
obvious advantage for a small ion beam (< 12.5 mV) and make it possible to date zircons with 
< 0.5 mV for 238U signal with improved spatial resolution. The new technique is evaluated by 
investigating six zircon standards with various known ages ranging from 32 Ma to 2060 Ma 
and produced the precision (2σ) for weighted mean 206Pb/238U ages within 1% and accuracy of 
< 1% offset from nominal reference ages.  
We then further apply the new high spatial resolution technique to determine the age of the 
famous Dabie ultrahigh pressure metamorphism. The zircon grains from Dabie UHP terrane 
typically contain three zones as revealed in the CL image, i.e, core, mantle and rim. These 
mantle and rim parts are too thin to be analyzed by using conventional analytical spot size with 
30-50 μm but can be analyzed with our new technique. Zircon grains yielded four groups of 
206Pb/238U ages, 229.0 ± 2.4 Ma (2σ, n = 8, MSWD = 0.39) for the rim parts, 229.4 ± 2.7 Ma 
(2σ, n = 6, MSWD = 0.17) for the mantle parts and 748.5 ± 8.5 Ma (2σ, n = 6, MSWD = 0.19) 
and 840 ± 14 Ma (2σ, n = 3, MSWD = 0.18) for the core parts, respectively. The fact that our 
analyses show that the mantle and rim parts yield the concordant age of 229 Ma, whereas the 
core parts give the Neoprotozoic magmatic protolith age, are consistent with previous results 
(Li et al., 1993; Zheng et al., 2005 and Liu et al., 2006). 
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Interpretation of seismological observation and deformation geometry in the upper mantle 
depends greatly on the crystallographic preferred orientation (CPO) of olivine. Over the last 
two decades, five types of olivine fabrics have been documented both in laboratory samples 
and natural rocks in responding to different pressure, temperature, water and stress conditions, 
which has really got us thinking about the reasonable explanation of seismological 
observations in some thermal tectonic settings. In orthorhombic olivine, plastic slip is 
restricted to [100] and [001] directions with four available dominant slip systems: [100](010), 
[100](001), [001](010) and [001](100). However, the dislocation-based crystal plasticity of 
olivine is challenged by insufficient deformation mechanism maps and defromation 
mechanisms. Geometrically-necessary dislocations, mainly resulted from complex plastic 
deformation and have been subjected to subsequent post-tectonic annealing processes, can be 
preserved through geologic time and hence could provide valuable information on the 
deformation mechanisms. We report here a case study of natrual C-type olivine fabrics and 
detailed decorated dislocasion structures in olivine from the Lüliangshan garnet peridotites in 
the North Qaidam UHP metamorphic terrane, NW China. The peridotite was derived from a 
mantle wedge and then experienced P-T metamorphism conditions of 5.0~6.5 GPa and 
960~1040 ℃ during the Ordovician-Silurian (e.g., Song et al., 2004). The uneven distribution 
of dislocations in olivine grains show an average density of 0.3-1.5×1012 m-2 with relatively 
higher dislocation densities mainly correlated with sub-grain or grain boundaries. Compared 
with typical dislocation structures reported in olivine with A-type fabric (e.g., Jin et al., 1989), 
the dislocations in olivine with C-type fabric show some intrinsic characteristics: Most 
dislocations are straight and are aligned parallel to the [001] axis, suggesting the most likely 
screw dislocations with b = [001]; Cellular dislocation networks and incomplete/complete 
dislocation loops are mainly observed on (010) or (100) planes with long edge segments line 
up along [001] indicating the dominant active slip systems of (100)[001] and (010)[001]. Such 
results together with the relative weak C-type olivine fabrics reported either from natural 
peridotites (e.g., Wang et al., 2013) or high pressure experiments (e.g., Jung et al., 2001) 
suggest that the deformation mechanims of olivine with C-type fabric are probably different 
from those peridotite in mantle xenoliths. The relatively weak CPOs of olivine may originate 
from disloation creep and have been greatly accommodated by dynamic recrystallization, grain 
boundary sliding and subsequent static recovery. 
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The Dabie orogen is a fully mature orogen and it has experienced a complete orogenic cycle. 
A broad consensus is that the Dabie orogenic belt was formed by the Triassic (246 – 208 Ma) 
continental subduction and collision between the Yangtze Block and the North China Block. 
The over-thickened orogen was strongly collapsed during Early Cretaceous (145 – 110 Ma). 
It’s clear that there is a gap between the collisional orogenesis and collapse of it. When the 
orogenic root started to become ductile and unstable? What marks the orogen began to activate 
before collapse? How long the orogen lasted from initial activation to complete collapse? 
These critical issues are still poorly understood. We carried out a combined study of structure, 
U-Pb age and trace element on zircons from leucosome-based migmatites in the North Dabie 
Terrane to provide information on anatexis during the evolution of the Dabie orogen. Protoliths 
of the migmatites are the Mid-Neoproterozoic magmatic rocks that belong to the Yangtze 
Block. They underwent an eclogite-facies metamorphism during the Late Triassic (235 – 225 
Ma) continental subduction and collision. An over-thickened crustal root was formed and the 
Dabie orogen entered into the stage of post-collisional evolution. The onset of anatexis 
occurred at ca. 185 Ma. The initial anatexis was weak and gentle. It was caused by episodic 
flow of metamorphic fluids with a prolonged interval and indicates that the crustal root started 
to become ductile and unstable. Extensive episodic anatexis occurred between ca. 160 Ma and 
110 Ma. As the anatexis became stronger, more extensive and uninterrupted, the anatectic 
products changed gradually from metamorphic-dominated fluids to magmatic-dominated 
melts. The beginning of extensive anatexis at ~160 Ma marks the beginning of the orogenic 
activation. The duration of ca. 160 – 145 Ma corresponds to the orogenic activation when the 
thickened crust still remained while the time of ca. 145 – 110 Ma is in accordance with the 
orogenic collapse. The peak period of anatexis (ca. 145 to 125 Ma) was accompanied by 
plutonism, high-T granulite-facies metamorphism, extensional uplift and subsequent 
delamination of crustal root. After that, the anatexis trailed off until ca. 110 Ma. The long 
lasting multistage anatexis recorded in the migmatites has witnessed the evolution of the Dabie 
orogen. Our studies show that the migmatites in the ND recorded a complex process of initial 
anatexis, extensive anatexis and subsequent crystallization during the post-collisional 
development. The anatexis could build a link between the orogenic collision and collapse and 
could further illustrate the post-collisional evolution of the Dabie orogen. 
This research was supported by the National Science Foundation of China (No. 41372076 and 
41572039) and State Key Development Program for Basic Research of China (Grant No. 
2015CB856101).  
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Microlites (minute spherulitic, dendritic, skeletal, acicular, and poikilitic crystals) diagnostic of 
crystallization in quenched melt or glass in fault rocks have been used to infer fossil 
earthquakes. High-pressure microlites are described here in a variably eclogitized gabbro, the 
wallrock to the coesite-bearing eclogite breccia at Yangkou in the Chinese Su-Lu high-
pressure metamorphic belt. The studied hand specimens are free of discernible shear 
deformation, although microfractures are not uncommon under the microscope. In the least 
eclogitized gabbro, the metagabbro, stellate growths of high-pressure minerals on the relict 
igneous minerals are common. Dendritic garnet crystals (<1−5 um) grew around rutile and/or 
phengite replacing ilmenite and biotite, respectively. Skeletal garnet also rims broken flakes of 
igneous biotite and mechanically twinned augite. Radial intergrowths of omphacite and quartz 
developed around relict igneous orthopyroxene. Acicular epidote, kyanite, and phengite 
crystallites are randomly distributed in a matrix of Na-rich plagioclase, forming the 
pseudomorphs after igneous plagioclase. In the more eclogitized gabbro, the coronitic eclogite 
located closer to the eclogite breccia, all the igneous minerals broke down into high-pressure 
assemblages. Thick coronas of poikilitic garnet grew between the pseudomorphs after igneous 
plagioclase and ferromagnesian minerals. The igneous plagioclase is replaced by omphacite 
crystallites, with minor amounts of phengite and kyanite. The pressure overstepping scenario 
emphasizing the lack of fluid is unsupported both by phase diagram modeling and by whole-
rock chemical data, which show that the various types of eclogitized gabbro are all fairly dry. 
A large pressure difference of >2 GPa between the metagabbro and the coesite-bearing eclogite 
about 20 m apart cannot be explained by the subduction hypothesis because this would require 
a depth difference of >60 km. The microlites are evidence for dynamic crystallization due to 
rapid cooling because constitutional supercooling was unlikely for the plagioclase 
pseudomorphs. Therefore, the eclogitization of the wallrock to the eclogite breccia was also 
coseismic, as proposed earlier for the eclogite-facies fault rocks. The lack of annealing of the 
broken biotite and augite overgrown by strain free skeletal garnet is consistent with a transient 
high-P-T event at a low ambient temperature (<300 ºC), probably in the crust. The fact that the 
less refractory but denser biotite is largely preserved while the more refractory but less dense 
plagioclase broke down completely into high-pressure microlite assemblages in the 
metagabbro indicates a significant rise in pressure rather than temperature. Given that the 
metamorphic temperatures are far below the melting temperatures of most of the gabbroic 
minerals under fluid-absent conditions, stress-induced amorphization appears to be the more 
likely mechanism of the coseismic high-pressure metamorphism.  
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The Kangxiwar tectonic belt is an important tectonic boundary of the West Kunlun orogenic 
belt, which is a key area to understand the tectonic evolutionary history of Tethys. The P-T-t 
path of high pressure mafic granulite outcropped along the Kangxiwar belt was established to 
constrain the formation age, tectonic properties, and evolution characteristics of this belt. The 
mineral assemblages of high-pressure mafic granulite can be divided into four stages: M1 
garnet (Grt) + clinopyroxene (Cpx) + plagioclase (Pl) + quartz (Qtz) + rutile (Rt); M2 Grt + 
Cpx + Hornblende (Hbl) +Qtz + Pl + Rt; M3 Grt + Cpx + Hbl + Qtz + Pl + ilmenite (Ilm); M4 
Hbl + Pl + Qtz + Ilm. The corresponding temperature and pressure conditions obtained from 
the pseudosection modeling are 16-18 kbar, 850-950 °C, 11-15 kbar, 780-820 °C, 9-11kbar, 
750-800 °C and <6 kbar, <650 °C, respectively. 
The peak metamorphic age of the high pressure mafic granulite was not obtained. LA-MS-ICP 
zircon U-Pb data from retrograde high-pressure mafic granulites yielded ca. 220 Ma and 
ca.190-180 Ma, which are interpreted as the early retrograde metamorphic age and the late 
retrograde metamorphic age, respectively.  
The P-T-t path of the high pressure mafic granulite shows a clockwise path. In early retrograde 
metamorphic stage, P-T path reveals isothermal decompression, reflecting initial stage of rapid 
exhumation process. In late retrograde metamorphic stage, P-T path with decreasing 
temperature and pressure suggests the rock underwent amphibolite facies metamorphism and 
exhumation to shallow upper crust. 
 

  
Figure 1 Microstructure picture of High-pressure mafic granulites.  Grt, garnet; Cpx, clinopyroxene; Amp, 
amphibole; Pl, plagioclase 
Figure 2 P-T-t path for the high-pressure mafic granulite from the West Kunlun orogenic belt 
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With the commercial advance of MC-ICP-MS in the 1990s, Lu-Hf isotopic measurements can 
be more easily achieved with high precision, and the Lu-Hf isotopic system has been widely 
used and applied in the geochemical community (Blichert-Toft et al., 2007). Usually, 
compared to other rocks, eclogite with phosphate bearing garnet and apatite with high Lu/Hf 
ratio is an ideal object for Lu-Hf geochronology. A lot of studies have been published on Lu-
Hf geochronology of eclogite since the pioneering work in 1997 (Duchêne et al., 1997; Scherer 
et al., 2000).  
In this study, based on our previously established chemical procedure for the Rb-Sr, Sm-Nd 
and Lu-Hf isotopic systems after one single sample digestion (Yang et al., 2010, 2011), we 
applied our protocol to study the Lu-Hf chronology of the eclogites from SuLu-DaBie 
ultrahigh-pressure metamorphic zone. Our obtained Lu-Hf age of garnet from Chijiadian and 
Qinglongshan eclogites are 236.8 ± 5.7 Ma (05CJD2-1, CJD), 235.5 ± 4.6 Ma (05CJD2-2, 
CJD), and 223.0 ± 4.2 Ma (02QL-2, QLS) respectively, which agree well with Sm-Nd data of 
eclogites or U-Pb data of zircon from the same location, indicating the reliability of our Lu-Hf 
data. Additionally, we also carried out some apatite, biotite and cpx mineral separate dating 
using the Lu-Hf isotopic system in the FanShan, HeBei province. Our obtained Lu-Hf age of 
phosphate are 226.5 ± 3.6 Ma (10FW04) and 231.3 ± 3.1 Ma (10FW09), respectively. These 
results agreed well with previous data by others within a narrow range.  
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Several types of chemical zoning pattern (Nakamura et al., 2013) were identified from 
UHP/UHT eclogites located in the Moldanubian Zone of the Bohemian Massif (Nové Dvory, 
Czech Republic). Some of the eclogites are layered by major garnet (Grt)-rich layers (Layer-G) 
and minor pyroxene-rich layers (Layer-P). The petrogenesis of the eclogites has been attributed 
to an origin as HP cumulates (Beard et al., 1992), or gabbroic cumulates from basaltic magmas 
(Obata et al., 2006). In addition, Nakamura et al. (2013) reported mm-scale compositional 
layering structures represented by variations in Grt core compositions in XMg = 0.3 and 0.7, in 
the Nové Dvory eclogite, although their rim compositions are identical regardless of the 
different locations. They suggested that local effective bulk compositions among the layers 
were coincided during Grt growth probably by prograde heating. 
In order to examine the origin of the layering structures, mm-scale local bulk chemistry was 
employed using a new EPMA quantitative compositional mapping technique. Our technique 
applies a larger beam diameter (20 μm) than that of De Andrade et al. (2006) (< 10 μm) to 
reduce the total mapping time, and introduces a correction for the matrix effect caused by 
analyzing multi-phases to improve the precision, e.g., by the Poisson mixture-distribution 
based clustering, instead of k-means, taking into count of ratios of mineral species in each 
pixels. As a result, total mapping time was reduced to 1/4 of De Andrade et al. (2006), and the 
total wt. % improved from 92 wt. % to 97 wt. % in Layer-P and from 97 wt. % to 98 wt. % in 
Layer-G. The layer-G, which is thicker than 50 mm, yields XMg = 0.66 and Cr2O3 = 0.07 wt. % 
at the area 10 mm apart from the 2 mm thick Layer-P, and gradually increases them toward the 
Layer-P (XMg = 0.81; Cr2O3 = 0.15 wt. %). A large difference in XMg among Layer-P and 
Layer-G and high Cr contents in both layer (e.g., Cr2O3 < 0.05 wt. % for common gabbro) are 
unlikely for gabbroic cumulate origin. These facts together with rarity of Layer-P in the 
outcrop, Layer-P was probably pyroxenite melt intruded into Layer-G, which may be 
originated from gabbro. 
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Direct chemical analysis of a fluid inclusion was carried out by micro-excavation under cryo-
temperatures. A scanning electron microscope (SEM) equipped with a focused ion beam (FIB), 
energy dispersive X-ray spectrometer (EDS), and a cold stage, can be a powerful tool to 
describe the chemical composition of small fluid inclusions in metamorphic rocks. Studied 
inclusions are found in the ultrahigh pressure (UHP) talc-garnet-chloritoid schist from the 
Makbal metamorphic Complex, Kyrgyz (Orozbaev et al., 2015). Conventional techniques such 
as microthermometry and cryo- and room temperature (RT)-Raman detected NaCl and CaCl2 
as solute species in the fluid inclusions, where high salinity of 20.5 mass% CaCl2 and 1.7 
mass% NaCl were calculated assuming a NaCl-CaCl2-H2O ternary system. Additional 
chemical analysis using cryo-FIB-SEM-EDS analysis revealed the existence of KCl as a solute 
species, which is hardly identified by conventional techniques. 
Petrographic description of the fluid inclusions indicated that the studied inclusions have been 
trapped during the exhumation of the UHP talc-garnet-chloritoid schist, and furthermore, these 
fluid inclusions are possibly originated from the decompression-breakdown of lawsonite. 
Reports on CaCl2-bearing aqueous fluid have been known from the HP and UHP metamorphic 
terranes in the eastern Asia (e.g., Gao & Klemd, 2001). Our data may question the existence of 
complex chemical system of the aqueous fluids reported in such low-temperature type 
metamorphic rocks. Misidentification of solute species essentially brings errors in salinity 
estimates that will propagate inaccuracy in other quantitative analytical methods such as LA-
ICP-MS. Further detailed fluid inclusion petrography requires accurate quantitative analysis 
combining FIB-based sample-preparation and SEM-EDS analysis, which involves several 
problems to be solved and should become a future works. 
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The Western Gneiss Region (WGR) in the Scandinavian Caledonides is one of the largest and 
most well-exposed domains of eclogite and ultrahigh-pressure (UHP; P>2.5 GPa) rocks on 
Earth. It is an archetype for processes that occur in the deeper levels of continental collisions. 
The great extent and structural complexity of the WGR, however, has obscured the size & 
shape, stacking order, and deformation history of its internal subdivisions. This knowledge is 
important for understanding the tectonics of UHP metamorphism, and the deformation of 
continental margins during subduction and underplating. 
The WGR was subducted beneath various allochthonous thrust sheets and the Laurentia plate 
during the Caledonian (Scandian) collision, between 430–400 Ma. Long described as a 
relatively monolithic entity with enigmatic traces of allochthonous rocks, structural mapping 
reveals that the WGR comprises several internal subunits. The Baltica autochthon is overlain 
by at least two, >5–10 km thick sheets of gneiss that delaminated sequentially from the craton 
during collision. These sheets are separated by 2–5 km thick shear zones containing top–
foreland kinematic indicators, and slivers of metasedimentary cover rocks and minor material 
derived from the structurally higher allochthonous units. The basement and two lowest sheets 
all contain eclogite that recrystallized over a 15 m.y. period (420–405 Ma), thus imbrication 
occurred during high-pressure metamorphism. Chlorite peridotite entrained along the tops of 
these sheets testifies to ablative underplating beneath a mantle lithospheric section. 
If the WGR is not unique, these new data show that prolonged collision and subduction (>30 
m.y.) of a relatively strong, thick, continental margin can cause the descending slab to 
delaminate from the top downward, forming thinner (>5–10 km), but very extensive, and 
laterally discontinuous sheets. Rather than assembling in the frontal thrusts of the orogen, they 
laterally underplate the hinterland for 100’s of km. These sheets can stall at various depths 
along the subduction interface, where they would be refrigerated by continued underthrusting. 
Detachment after at least 10–15 m.y. of HP metamorphism also may result in broadly 
overlapping eclogite ages in both basement and detached sections. Therefore, relying 
exclusively on P–T or geochronological datasets for tectonic interpretations of (U)HP domains 
can cause internal discontinuities to be overlooked, and reiterates the importance of integrating 
structural geology with petrochronology. 
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O-isotope compositions of ultramafic rocks from five orogenic peridotites in the Western 
Gneiss Complex, Norway show similar O-isotope relations among minerals. Garnet and 
olivine appear to have been in O-isotope equilibrium under high-temperature conditions, but 
the coexisting pyroxenes have lower than expected 18O. Similar O-isotope disequilibrium has 
been reported for some metasomatized mantle xenoliths and orogenic garnet peridotites in 
other UHP terrains, probably resulting from interaction with a fluid/melt whose O-isotope 
composition was partly buffered by the host rock; this led to differential isotopic exchange 
between minerals and fluid/melt due to the higher oxygen diffusivities of pyroxenes. In the 
Raudhaugene, Ugelvik and Almklovdalen Mg-Cr-type, mantle derived peridotites, garnets 
have normal mantle 18O values from +5.3-5.6 - . The Mg-
Cr peridotite at Bardane shows slightly 18O-depleted values for ol (  and 

interaction with an isotopically light fluid/melt, possibly during Scandian subduction. 
The Svartberget peridotite shows affinities with the Fe-Ti ultramafic suite thought to have 
originated as crustal layered intrusions. Its well-known system of veins, cored by garnetite with 
reaction zones of garnet pyroxenite, clearly results from metasomatic processes due to 
interaction with a felsic fluid/melt. Minerals yield 18O-enriched compositions with  18O in Grt 

-derived melt.  18O for coexisting 
pyroxene is anomalously low (+6.7 - -isotope 
exchange between minerals and fluid/melt during exhumation. These O-isotope results, along 
with other available information, suggest two possible genetic interpretations: The protolith of 
the Svartberget rock suite might have been a Proterozoic mafic-ultramafic intrusion that was 
invaded by melt/fluid from its host gneisses at UHP conditions. However, the host peridotite at 
Svartberget shows some geochemical similarities to Mg-Cr ultramafites, so its protolith may 
have been derived from the Laurentia mantle wedge and was metasomatized by felsic melts 
before and/or shortly after it was tectonically included within the subducting Baltica 
continental crust during the Scandian orogeny. In the latter case, the Svartberget peridotite can 
be treated as a close analogue, or even an actual example of, mantle-crust interactions within a 
subduction system. 
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The main tectonic component of the Himalayan–Tibetan orogen, the Lhasa terrane, has 
received much attention as it records the entire history of the orogeny. The occurrence of high 
pressure eclogite in the Sumdo complex in central Lhasa terrane has a significant bearing on 
the understanding of the Paleo-Tethys subduction and plate itineration processes in this area. 
The petrological, geochemical and geochronological data from eclogite and associated 
blueschist and garnet-bearing mica schist from Sumdo, Jilang and Bailang area have been 
briefly reviewed to explore the origin and metamorphic evolution of this suture. Eclogites from 
the Sumdo complex have experienced low temperature, high pressure to ultrahigh pressure 
metamorphism, revealing a fast subduction and exhumation process in a typical oceanic 
subduction zone. The large P-T span between different eclogites in the literature may be 
caused by big errors from inappropriate use of geothermobarometry and may also be caused by 
slices of subducted blocks derived from different depths juxtaposed together during 
exhumation. By summarizing the U-Pb, Lu-Hf and Sm-Nd ages of eclogites, the eclogite facies 
metamorphism is likely to occur in early Triassic during 245-225 Ma, but not the previously 
accepted late Permian at ca. 260 Ma by the reinterpretation of the former geochronological 
data from literature. The opening of the Paleo-Tethys Ocean between the Lhasa terrane 
initiated prior to ca. 280 Ma and ultimate closure to integrate the Lhasa terrane was no earlier 
than 225 Ma and may have been triggered by the initial subduction of Bangong-Nujiang 
Tethys Ocean in the north. 
The research is financially supported by National Science Foundation of China (No. 41572051, 
41630207), CAGS research found (No. YYWF201702). 
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It has been well documented in the laboratory that dehydration of antigorite in subducting slabs 
can generate intermediate-depth earthquakes. The long duration slow earthquakes have also 
been suggested to related to high pore pressure caused by water released from serpentine 
dehydration. However, these earthuqkes have not been well demonstrated and characterized in 
the laboratory for their genesis. Here we report two different-types of earthquakes generated by 
dehydration of antigrite in a layed serpentinite peridotite using the Paterson deformation 
apparatus at temperatures beyond the stability of antigorite. The first-type of earthquakes is a 
single event characterzied by a relatively large stress drop and a short duration. The second-
type of earthquakes are multiple stick-slip events followed immediately by the single big 
event. They are characterized with much smaller stress drips and longer duration. There is a 
narrow temperature range for faulting in serpentinite. Fluid filled mode I cracks in olivine or 
pyroxene-rich zones are crucial for the self-organization and generation of mode II shearing in 
serpentinite. Our results suggest that dehydration of hydrous minerals can generate new faults 
in homogeneous rocks (regular earthquakes) and small tremors (slow earthquakes) along pre-
existing fault caused by regular earthquakes in subduction zones. Moreover, the small tremors 
weakens with time and turn into stable sliding with time, indicating the disappearing of 
hydrous fluid pressure in the fault zone. There results are well consistent with the distribution 
and characterizations of earthquakes in the subduction zones. 
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Tectonic erosion is a process in which parts of the upper plate are detached by the subduction 
forces and carried into subduction channel along the subduction zone. It has been commonly 
recognized in oceanic subduction zones, but evidence of tectonic erosion related to continental 
subduction is rarely reported. In this contribution, we suggest a tectonic erosion process along 
the North Qaidam Mountains of NW China during early Paleozoic continental subduction. To 
the north of the North Qaidam ultra-high pressure (UHP) metamorphic belt, the 
microcontinental Oulongbuluke block is characterized by Precambrian metamorphic basement. 
New and existing zircon U-Pb data show that the Oulongbuluke block underwent early 
Paleoproterozoic (2.3-2.4 Ga) magmatism and late Paleoproterozoic (ca. 1.9 Ga) high-grade 
metamorphic and anatectic events (Chen et al., 2013). The North Qaidam UHP metamorphic 
belt is commonly considered to result from continental subduction. The predominant 
components in the North Qaidam UHP metamorphic belt are orthogneisses and paragneisses, 
which were previously considered to be derived from Late Mesoproterozoic-Early 
Neoproterozic (890-1030 Ma) granite and from Mesoproterozoic sedimentary rocks, 
respectively (Zhang et al., 2017). These predominant continental materials in the North 
Qaidam UHP metamorphic belt have been suggested to be the product of the northward 
subduction of the Qaidam block (Zhang et al., 2017). However, our new data show some 
gneisses enclosing eclogites in eastern North Qaidam UHP metamorphic belt (Dulan UHP 
metamorphic unit) experienced 2.3-2.4 Ga magmatism and 1.8-1.9 Ga metamorphism, similar 
to those of the Oulongbuluke block, prior to early Paleozoic UHP metamorphism. These data 
suggest that tectonic erosion of Precambrian basement formed in the upper plate 
(Oulongbuluke block) transported these rocks in the subduction zone to more than 80 km depth 
resulting in UHP metamorphism related to early Paleozoic continental subduction prior to their 
exhumation.  
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The ultrahigh-pressure (UHP) metamorphic belt of Chinese southwestern Tianshan is the 
largest currently known UHP metamorphic terrane with oceanic crust that experienced deep 
subduction (Zhang et al., 2013). Thus, it constitutes an important natural laboratory for 
understanding subduction and exhumation processes of oceanic crust. Lenses and massive or 
layered eclogite and blueschist blocks of variable size are embedded within voluminous 
garnet–phengite schists. Eclogites are usually pristine but may also show variable degrees of 
retrogression. Centimeter to meter scale high-pressure (HP) omphacite-bearing veins 
developed locally. Geochemical data reveal that the protoliths of these HP-UHP metabasic 
rocks have an oceanic affinity (Ai et al., 2006; John et al., 2008). Garnet Sm/Nd and Lu/Hf, 
white mica Ar/Ar and Rb/Sr, and zircon and rutile U/Pb geochronology indicates that the 
eclogites have experienced peak metamorphism at ca. 320 Ma (summarized in Zhang et al., 
2013). However, the exhumation history of the UHP rocks has been controversial. The 
eclogites collected for this study are cross-cut by HP veins. There are four types of titanite 
based on their occurences: the first type occurs as inclusions in rutile, too rare and tiny to be 
analysed; a matrix constituent of the second is clearly a product of rutile decomposition, given 
that the relic rutile is visible inside; the third grew around garnet; the fourth coexists with 
omphacite, epidote and/or apatite in a few millimeter wide veinlets. Titanite is commonly 
enriched in middle rare earth elements (MREEs) and depleted in light (L-) REEs and heavy 
(H-) REEs, typical of metamorphic origin. Th/U ratios are also low. LA-ICP-MS U-Pb dating 
of titanite, regardless of its occurences, gave very consistent ages of 306 ± 7.3 Ma, 306 ± 11 
Ma, 306 ± 17 Ma and 301 ± 20 Ma. In addition, SHRIMP U-Pb dating of zircon from the same 
samples reveals two stages: ca. 320 Ma peak-UHP metamorphism and ca. 306 Ma 
retrogression. This indicates that the eclogites from southwestern Tianshan have been exhumed 
quickly subsequent to the UHP metamorphism. 
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The Precambrian Aksu blueschist terrane (ABT) located in the northwestern Tarim Craton 
(Liou et al., 1989, 1996; Nakajima et al., 1990) was formerly regarded as a Mesoproterozoic or 
an early Neoproterozoic complex (Gao et al., 1993; Lu et al., 2008). Yet, its tectonic 
significance remains poorly understood due to the lack of a reliable age. We have conducted a 
detrital zircon U–Pb geochronological study of both the metasedimentary rocks from the ABT 
and the unmetamorphosed sandstones from the overlying Sinian succession to better constrain 
the age of the ABT. In addition, geochemical analyses were performed on the metasedimentary 
rocks to establish the broad tectonic setting of the source region of sediments.  
U-Pb dating results of the detrital zircons from the metasedimentary rocks of the Aksu terrane 
show a maximum depositional age of ca. 730 Ma, confirming that the Aksu Group was 
deposited during the Middle Neoproterozoic, rather than the Mesoproterozoic or the Early 
Neoproterozoic. U-Pb dating results of the detrital zircons from sandstones of the Lower 
Sugetbrak Formation define a maximum depositional age of ca. 602 Ma, providing the first 
precise radiometric age for this succession to our knowledge. The maximum depositional age 
of the Aksu terrane sample provides an upper age limit of ca. 730 Ma for the high-pressure 
blueschist-facies metamorphism. This implies that the Aksu terrane could manifest the Pan-
African orogeny (ca.700-500Ma) related to the assemblage of Gondwana, rather than being 
indicative of the Grenville orogeny (ca.1300-900Ma) related to the assemblage of Rodinia. 
Provenance studies indicate the northern part of the Tarim Craton may have been a major 
source area for the sedimentary rocks of the Aksu terrane and the Sugetbrak Formation, which 
probably provided a mixture of old recycled sedimentary material from the basement rocks and 
juvenile material from the igneous rocks. 
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Logistics  

Start location: parking in front of the Copperhill Mountain Lodge, 9:15  

Travel with one regular bus and 10 minibuses. Participants are asked to use the same 
minibus/bus during the entire field-trip. Note that minibuses have numbers on them to make 
logistics easier.  

Part I: UHP Åreskutan (Middle Seve) Nappe, basal shear zone, and underlying HP 
Lower Seve Nappe  

Stop 1A. Cable-car terminal “Toppstugan” 

63°25'38.2"N 13°4'45.6"E; c. 1 km southwest of the top of Åreskutan  

 

Åre Kabinbana is located 9 km from the Copperhill Mountain Lodge. We will take a cable car 
up to the top station. Seven minutes in the cable car and you are at 1274 metres above sea level 
with tens of kilometers view of the beautiful mountains and you are standing on the UHP 
gneisses and migmatites of the Åreskutan (Middle Seve) Nappe. 

En route up the mountain in the cable car, note the conspicuous, up to a few metres thick 
pegmatites that cut the flat-lying foliation in the gneisses of the Åreskutan Nappe. These 
pegmatites intrude the gneisses at high angles and generally strike NE. 

From the cable-car terminal, we will walk down to the basal shear zone (Stop 1B-
Mörvikshummeln), and the contact between the Middle and Lower Seve nappes, looking at 
gneisses, migmatites and pegmatites. From Mörvikshummeln we will take two lifts down to 
the parking in Åre.  

Åreskutan (Middle Seve) Nappe  

The Seve Nappe Complex in west-central Jämtland, outcropping in the Åre synform, is 
represented by the Lower and Middle Seve nappes (Fig. 1) that were thrust over the 
Neoproterozoic alluvial sandstones and dolerites of the Särv Nappe (Strömberg, 1961) and 
underlying Cambro-Silurian successions of the Lower Allochthon. This locality is famous for 
understanding thrusting (Törnebohm, 1888, 1896) and long-distance transport of allochthons 
(Högbom, 1909; Asklund, 1938). 

The Åreskutan Nappe is ~500 m thick, occupying the upper levels of Mount Åreskutan. It is 
composed of paragneisses, migmatites, leucogranites and metabasites, described long time ago 
by Helfrich (1967), Ghosh et al. (1979), Arnbom (1980) and Arnbom & Troëng (1982). 
Predominant are garnet- and sillimanite-bearing paragneisses and locally also kyanite-bearing 
gneisses (Fig. 2a). Paragneisses show a folded foliation and migmatitic texture with formation 
of paleosome and leucosome layers; in some places leucogranite occurs as sheets, pods and 
lenses (Fig. 2b). All these lithologies are cut by late, discordant pegmatites that are, in turn, 
strongly deformed in the basal thrust separating the Middle Seve from the underlying Lower 
Seve rocks. Recent study of kyanite–bearing gneisses and migmatites in this generally 
granulite facies complex documented UHP metamorphism based on P-T calculations and 
presence of microdiamonds (Klonowska et al., 2014, 2017).  
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Figure 1. (a) Simplified geological map of the central part of the Jämtland region, Sweden. 
Diamond-bearing gneisses from the Middle Seve Nappe are marked. Modified after Majka et 
al. (2014). (b) Geological map of the Åre area with sample locations marked by diamonds. 
Based on the Geological Survey of Sweden (SGU) digital map. From Klonowska et al. (2017). 

 
Figure 2. (a) Kyanite-garnet gneiss from the Åreskutan Nappe; (b) Migmatitic gneisses and 
leucogranites on the way down from the upper cable-car terminal. 
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Geochronology 

First U-Pb zircon datings (Claesson, 1982; Williams & Claesson, 1987) yielded an Early 
Silurian (c. 440 Ma) age for migmatization of the Åreskutan Nappe. This was subsequently 
confirmed by U-Pb titanite dating (Gromet et al., 1996). Ladenberger et al. (2014) provided U-
Pb ion microprobe zircon ages of 442-441 Ma from the migmatites and leucogranites derived 
from metasedimentary protoliths and of 436 Ma from a felsic leucosome in a migmatitic 
amphibolite. These authors also dated the pegmatites, cutting the main migmatitic fabric, at 
430-428 Ma. An older history was suggested by Ar/Ar dating, with hornblendes yielding 
Middle Ordovician ages (Dallmeyer et al., 1985). A more detailed history was reconstructed by 
Majka et al. (2012) using monazite Th-U-Pb dating. This context-sensitive method indicated 
that the oldest, low Y and relatively low Th monazite cores crystallized at 455 ± 11 Ma, which 
was linked to subsolidus conditions, probably close to the pressure peak of metamorphism. 
This was followed by massive monazite growth during melt crystallization at 439-438 Ma, in 
agreement with the U-Pb zircon and titanite ages. The age of the final, post-pegmatite thrusting 
event, at 424 Ma, was inferred by Majka et al. (2012) from a monazite population in a sheared 
migmatite collected close to the base of the Åreskutan Nappe. Plots summarizing monazite age 
and its chemistry (Majka et al., 2012) are shown in Fig. 3. 

 
Figure 3. Binary Th vs. Y and U vs. Y plots for monazite from migmatite neosome (a b) and 
sheared migmatite (c d). From Majka et al. (2012).  

The most recent geochronological approach was focused on the UHP gneisses within which 
the microdiamond inclusions in garnets were discovered (Klonowska et al., 2017). Electron-
microprobe Th-U-Pb dating of monazite and Lu-Hf dating of garnet provided new constraints 
on the P-T-t evolution of the Middle Seve Nappe. Lu-Hf garnet-whole rock dating of diamond 
gneiss from Åreskutan yielded 449.4 ± 4.1 Ma (unpublished data of Klonowska, Smit, Cutts et 
al.). This age points to the prograde growth of the garnet, probably recording the age of UHP 
metamorphism during deep subduction of the Middle Seve Nappe. The Th-U-Pb dating of 
monazite in diamond-bearing gneisses (Klonowska et al., 2017) records post-UHP exhumation. 
Three microdiamond-bearing samples from Åreskutan and two from Tväråklumparna have 
been dated. The chemical compositions of monazite (HREE, Y, Eu contents, Fig. 4) were used 
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to interpret the new age data in accordance with the metamorphic evolution. The weighted 
average age of the Åreskutan gneiss yields 441.2 ± 3.0 Ma (Fig. 5). Separately, also weighted 
averages of monazite cores, interiors and rims were calculated, but they do not show 
statistically significant differences. However, in accordance with textural relations, they 
provide decreasing ages (overlapping within errors): 444.5 ± 8.4 Ma (dark cores), 442.4 ± 3.8 
Ma (brighter interiors) and 435.5 ± 7.8 Ma (rims). Tväråklumparna monazites yield identical 
ages for both textural types, 445.1 ± 3.5 Ma (Fig. 5). The weighted average for cores is 445.3 ± 
5.6 Ma, whereas Y poor rims yielded 446.0 ± 4.3 Ma. 

 
Figure 4. (LEFT) Chemistry of Th – U – Y – Eu of Åreskutan (IK18-11) and Tväråklumparna 
(JMY-19A) monazites. (RIGHT) X-ray maps of Th, U and Y distribution and BSE images of 
monazite from (a-d) Åreskutan and (e-h) Tväråklumparna, point ages are also shown in BSE 
image (h). From Klonowska et al. (2017).  
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Figure 5. Histograms of monazite ages from (a) Åreskutan and (b) Tväråklumparna. From 
Klonowska et al. (2017).  

In light of the new evidence of UHPM and geochronological data, it is inferred that the high-
grade Seve rocks in Jämtland experienced deep subduction reaching a pressure peak in the Late 
(perhaps Middle) Ordovician. Subsequent exhumation accompanied by locally extensive 
partial melting was lasting until the Early Silurian. The final emplacement of the Seve rocks 
onto the Baltoscandian platform took place in the Middle - Late Silurian and Early Devonian. 

Regarding the provenance of the Åreskutan gneisses, analysis of the detrital zircons (Fig. 6) 
provides evidence that the source area for the sedimentary rocks was dominantly 
Mesoproterozoic complexes, the ages ranging from c. 900 Ma to 2600 Ma. In detail, the 
provenance data obtained from zircon cores reveal several inherited age components: 
Sveconorwegian (c. 900-1200 Ma), Hallandian-Danopolonian (1300-1500 Ma), and 
Transcandinavian Igneous Belt (1650-1850 Ma), and only very minor contributions from the 
earlier Paleoproterozoic (Svecofennian) and Late Archean (Ladenberger et al., 2010). This 
provides further support for the interpretation that the Caledonian hinterland was dominated by 
a Grenvillian-Sveconorwegian complex. Farther north in the mountain belt, in southern 
Norrbotten (Gee et al., 2015) and northernmost Norway (Gee et al., 2017), similar dominance 
of Mesoproterozoic (including Sveconorwegian, sensu stricto) zircon populations has provided 
support for the interpretation that the Grenville-Sveconorwegian Orogen continued into the 
high Arctic.  
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Figure 6. Number/relative probability versus age histogram of zircons from garnet migmatites 
and leucogranites in Åreskutan. From Ladenberger et al. (2010).  

Evidence for UHPM 

Microdiamond was found in two samples (IK16-11 and IK18-11) from two outcrops on the 
western slopes of Åreskutan, ~150 m apart (Fig. 1b). The diamond-bearing rock (Fig. 7a) is 
fine- to medium-grained migmatitic paragneiss dominated by leucocratic bands consisting of 
garnet, K-feldspar, plagioclase and quartz alternating with discontinuous dark stripes 
dominated by biotite, often intergrown with white mica, and kyanite/sillimanite (Fig. 7b). 
Graphite is commonly present as flakes in both domains. Accessory monazite occurs as 
inclusions in garnet, biotite and kyanite/sillimanite. 

The garnet is almandine-rich (Alm62–68Prp28-31Grs3-5Sps2-3 in sample IK18-11, and Alm66–

69Prp25-27Grs3-4Sps2-3 in sample IK16-11). Slight compositional differences between core and 
rim can be distinguished only in few porphyroblasts, like in the sample IK18-11 (Fig. 7e). In 
this case, pyrope and grossular contents decrease towards the rims, whereas almandine (and 
XFe) shows the opposite trend and spessartine is constant (Fig. 7f). X-ray maps of major 
elements (Fig. 8) show that garnet is homogeneous in the core whereas the rim is slightly 
depleted in Ca and Mg, and enriched in Fe. However, Y profiles across garnet (not shown 
here) reveal a rimward decrease from ~350 ppm in core to detection limit at rims. Garnet 
porphyroblasts contain mainly inclusions of kyanite, biotite, white mica, quartz (Fig. 7c,e). 
Phengitic white mica is rarely preserved, containing up to 3.43 Si atoms per formula unit 
(apfu). Polyphase inclusions of biotite + quartz + K-feldspar + albite have also been observed 
in garnet (Fig. 7d; sample IK16-11). Around some polycrystalline quartz grains, radial cracks 
are visible suggesting the previous presence of coesite (Klonowska et al., 2014). 

In the matrix, kyanite is prismatic and partly or totally transformed to sillimanite, proved by 
Raman spectroscopy. Plagioclase composition corresponds to XAb=62-63%, XAn=35-37%, and 
XOr=1%, K-feldspar to XAb=12-14%, XAn=0.46-0.54%, and XOr=85-87%. Biotite composition 
shows XFe=0.36-0.44%. White mica is mostly muscovite, relatively homogeneous with 3.07-
3.10 Si apfu, rarely phengite with Si content of 3.15-3.32 apfu. All these observations suggest 
that the primary peak pressure assemblage was Ca,Mg-rich garnet + phengite + kyanite + 
coesite + rutile, which was variably overprinted under lower pressure, leading to formation of 
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Ca,Mg-poor garnet + biotite + plagioclase + K-feldspar + sillimanite + ilmenite + quartz as a 
granulite facies assemblage. 

 
Figure 7. (a) Photograph of a migmatitic gneiss (sample IK18-11) showing subhedral garnet 
(Grt), biotite (Bt), K-feldspar (Kfs) and quartz (Qz). (b) Photomicrograph of typical 
microtexture (sample IK16-11) with garnet, kyanite (Ky), biotite, plagioclase (Pl) and quartz; 
optical microscope, transmitted, plane polarized light. (c-d) BSE images of the mineral 
inclusions in Grt. (c) Multiphase inclusion of phengite (Ph) + Ky as well as inclusions of Qz, 
Bt and titanite (Ttn). (d) Polyphase inclusion of Bt + Qz + Kfs + albite (Ab) in Grt. (e) BSE 
image of Grt porphyroblast containing various mineral inclusions with a line indicating the 
trace of a microprobe stepscan profile. Ph, Kfs, Bt, Qz, Ky and graphite (Gr) in matrix. (f) 
Compositional profile across the garnet showing variations in almandine (Alm), pyrope (Prp), 
grossular (Grs), spessartine (Sps) and XFe components, sample IK18-11. Lower part of the 
graph is a close up of Grs and Sps to better visualize the compositional trends. From 
Klonowska et al. (2017). 
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Figure 8. (a-d) Fe, Mg Ca and Mn X-ray maps of garnet marked on Fig. 7e. Warmer colors 
correlate with higher concentration of elements. From Klonowska et al. (2017). 

Diamond was identified by Raman spectroscopy amongst numerous other inclusions 
concentrated in swarms in garnet porphyroblasts (Fig. 9a-c). In the two samples, three diamond 
grains were found, ranging in size from 1 to 3 μm. Two occur as single grains (Fig. 9e,f) and 
one is associated with carbonate (Figs 9d & 10). Secondary electron images (SEI) of this 
composite inclusion (Fig. 10) show direct and cohesive contacts between diamond, carbonate, 
and garnet. All diamonds show Raman peaks between 1328 and 1331 cm-1, with a full width at 
half maximum (FWHM) between 14 and 25 cm-1 (Fig. 11). These values are somewhat 
downshifted and wider compared to the first order Raman peak of ideal diamond (1332 ± 0.5 
cm-1; 1.65 ± 0.02 cm-1; Solin & Ramdas, 1970) which may indicate that the structure of this 
diamond is not perfectly ordered (sp3-bonded carbon). Additional peaks in the Raman 
spectrum (Fig. 12h-i) occurring near 1350 cm-1 (D1 band), 1580 cm-1 (G band), 1600 cm-1 (D2 
band) and 2700 cm-1 (S1 band) are characteristic for sp2-bonded, graphitic carbon. Raman 
mapping of the composite inclusion (Fig. 12) shows that diamond is partially transformed to 
graphitic carbon and intergrown with carbonate. Diamond (Dia) is well preserved in the upper 
part of the composite inclusion (Figs 10 & 12a), with characteristic band at 1331 cm-1 and no 
graphite bands in the Raman spectrum (Fig. 12g). Both diamond and graphite (Dia-Gr) have 
been identified in the lower sector of the inclusion (Figs 10 & 12a) showing Raman bands of 
diamond and graphite (Fig. 12h,i). It is however unclear whether diamond is a single crystal or 
polycrystalline (e.g. Dobrzhinetskaya et al., 2013). Carbonate associated with diamond is Mg-
Fe carbonate (magnesite - siderite), according to Raman spectrum with bands at 1093 and 307 
cm-1 (Fig. 12j), and electron microprobe analysis (MgO = 20.88, FeO = 32.25 and CaO = 0.32 
wt%).  

In addition, CO2 and CH4 were found in several inclusions in garnet, often associated with 
graphitic carbon and carbonate (Fig. 13a). CO2 shows characteristic Raman bands at 1283-
1285 and 1387-1389 cm-1, CH4 at 2914-2916 cm-1 (not shown here). Graphitic carbon, CO2, 
and CH4 were found also in quartz (Fig. 13b), zircon (Fig. 13c), and apatite within garnet. 
Oriented needles of rutile have also been observed in garnet (Fig. 13d). 
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Figure 9. (a-c) Photomicrographs of garnet porphyroblasts with abundant mineral and fluid 
inclusions, sample IK16-11. (a) and (c) diamond-bearing garnet. (d-f) Photomicrographs of 
microdiamond (Dia) inclusions in garnets from sample IK18-11 (d) and IK16-11 (e, f); 
transmitted, plane polarized light. From Klonowska et al. (2017). 

 
Figure 10. (a-c) Secondary electron images (SEI) of multiphase inclusion of diamond (Dia), 
diamond with graphite (Dia-Gr) and carbonate (Cb) within garnet (Grt), sample IK18-11. From 
Klonowska et al. (2017). 



 
Figure 11. Representative Raman spectrum of diamond (Dia) inclusion in garnet (Grt) from 
Åreskutan gneiss (sample IK16-11). For comparison, a Raman spectrum of a microdiamond 
from the Tväråklumparna gneiss (Majka et al., 2014) is also presented. From Klonowska et al. 
(2017). 
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Figure 12. (a) BSE image of the multiphase inclusion in garnet investigated by Raman 
mapping. (b-f) Raman spectral maps of (b) diamond, (c) graphitic carbon  D1 band, (d) 
graphitic carbon  G band and (e) Mg-Fe carbonate within (f) garnet. The colour scale is 
proportional to intensity of Raman peaks. Sample IK18-11. (g-j) Representative Raman spectra 
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derived from the mapped multiphase inclusion: (g) diamond (Dia); (h) graphitized diamond 
(Dia-Gr); (i) graphite and (j) Mg-Fe carbonate (Cb). From Klonowska et al. (2017).     

 
Figure 13. Photomicrographs of fluid + graphite (Gr) inclusions. (a) CH4 + Gr + carbonate (Cb) 
inclusion in garnet. (b) CH4 + CO2 + Gr in quartz (Qz) and (b) CO2 + Gr in zircon (Zrn) that 
are themselves enclosed within garnet porphyroblast. (d) CH4 and oriented rutile within garnet; 
transmitted, plane polarized light. Sample IK18-11. From Klonowska et al. (2017).    

 

P-T conditions of the peak pressure (UHPM) and granulite facies stages of the diamond-
bearing gneiss IK18-11 were calculated using thermodynamic modelling. P-T phase 
equilibrium diagrams were calculated using Perple_X software, version 6.7.2 (Connolly, 1990, 
2005) in the Na2O-CaO-K2O-FeO-MgO-MnO-Al2O3-SiO2-H2O-TiO2 (NCKFMMnASHT) 
system. For more details about the modelling see Klonowska et al. (2017).  

For estimation of peak pressure conditions, compositional isopleths of garnet (XFe=64-65%, 
XMg=30.5-31.5%, and XCa=4.40-4.60%) corresponding to garnet core as well as Si content in 
phengite (Si=3.41-3.43 apfu) were calculated as shown in the pseudosections (Fig. 14). All of 
the modelled isopleths intersect within the garnet + phengite + kyanite + coesite + rutile + 
jadeite ± H2O stability field. Resulting P-T conditions of 4.1-4.2 GPa and 830-840 ºC plot 
within the diamond stability field (Fig. 14). At these P-T conditions, calculations of modal 
abundances yield 15-16 vol.% garnet, 36-37 vol.% phengite, 37-38 vol.% coesite, 6-7 vol.% 
jadeite, 1-2 vol.% kyanite, and < 1 vol.% rutile. Jadeite and coesite have not been found in 
these gneisses. However, preserved microtextures (see also Klonowska et al., 2014) indicate 
the former presence of these minerals. Jadeite could have broken down to plagioclase + quartz, 
whereas coesite was transformed to quartz due to decompression.  

P-T conditions of the granulite facies stage (Fig. 15) were calculated using the garnet rim 
composition (XFe=65-67%, XMg=29-30% and XCa=3.60-3.80%) and associated matrix 
plagioclase (XAb=62-63%). The calculated isopleths cross-cut at ~850-870 ºC and 1.0-1.1 GPa 
within the biotite + plagioclase + sanidine + garnet + sillimanite + quartz + rutile + melt 
stability field. At this stage, calculations of modal abundances yield 8-11 vol.% garnet, 33-35 
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vol.% quartz, 11-15 vol.% biotite, 6 vol.% sillimanite, 10-13 vol.% sanidine, 2-4 vol.% 
plagioclase, 0.1-0.2 vol.% rutile, and 25-27 vol.% melt. 

Ti-in-quartz geothermometry (Wark & Watson, 2006; Thomas et al., 2010, 2015) was applied 
to constrain the temperature during exhumation and granulite facies metamorphism of the 
gneiss. Titanium concentration in the matrix-located quartz varies between 245 and 273 ppm 
and gives an average temperature of 875 °C according to Wark & Watson (2006) or 873 °C at 
1 GPa according to Thomas et al. (2010, 2015). Estimated temperatures are in good agreement 
with the results obtained from phase equilibrium modelling (Fig. 15). 

 

 
Figure 14. P-T pseudosections of the Åreskutan diamond-bearing gneiss IK18-11 (a) water 
saturated system, (b) with H2O=1.56 wt% (detailed explanation in Klonowska et al. 2017). 
Isopleths show XFe, XMg and XCa in Grt and Si in Ph, yellow star indicates peak pressure 
conditions, and yellow solid line the solidus. Diamond-graphite transition (white dashed line) 
according to Day (2012). From Klonowska et al. (2017). 
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Figure 15. (a) P-T pseudosection of Åreskutan gneiss (b) Compositional isopleths of XFe, XMg, 
XCa in Grt and XAb in matrix Pl determine peak temperature conditions. The dashed line shows 
P-T conditions obtained from the Ti-in-quartz thermometry. An ellipse encompasses the P-T 
conditions of 850-870 ºC and 1.0-1.1 GPa corresponding to granulite facies overprint. From 
Klonowska et al. (2017). 

Results from the phase equilibrium modelling show that the P-T conditions reached the 
stability field of diamond. All these data support a deep subduction origin of the diamond–
bearing gneisses in the SNC. 

 

Stop 1B Section immediately above Mörvikshummeln  

 

Basal part of the Åreskutan Nappe: shear-zone and mylonites 

63°24'43.8"N 13°4'55.9"E: Northwest of Mörvikshummeln station (cafeteria),   

Description (by A. Ladenberger): A subhorizontal foliation increases in intensity downwards 
in the migmatites, pelitic gneisses and leucogranites towards the shear zone at the base of the 
Åreskutan Nappe, within which a second generation of garnet has been recognized. Discordant 
pegmatite dykes are gradually rotated towards concordance in the shear zone (Claesson, 1982). 
The mylonite at the base of the complex (Fig. 16) shows a strong W-E lineation, consistent 
with the general nappe transport direction.  

As summarized in the geochronology part above, the timing of the thrusting is dated to 424 ± 6 
Ma by monazite Th-U-Pb method (Majka et al., 2012).  
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Figure 16. Looking north at the sheared basal part of the Åreskutan Nappe above 
Mörvikshummeln. 

 

Stop 1C Lower Seve Nappe beneath Mörvikshummeln 

Psammitic metasediments and amphibolites beneath the Åreskutan Nappe 

 

63°24'40.9"N 13°4'40.6"E: Road section below the Mörvikshummeln station  

 

Description (by A. Ladenberger): Gently dipping, calc-silicate bearing psammitic 
metasedimentary rocks and amphibolites of the Lower Seve Nappe outcrop in the road section 
down from Mörvikshummeln. The main components of metasediments are quartz, K-feldspar, 
micas, calcite and occasional garnet. Accessory minerals are represented mainly by titanite, 
graphite, epidote and sulphides. 

 

The ICDP COSC Drilling project  

The International Continental Scientific Drilling Program (ICDP) "Collisional Orogeny in the 
Scandinavian Caledonides (COSC)" project was established at an international workshop in 
Åre in 2010 (Lorenz et al., 2011). It focused on the classical area for the recognition of long-
distance thrusting in the Scandes and was designed to better understand orogenic processes in 
general, both in the past and in modern mountain belts (Gee et al., 2010). The Caledonides of 
western Jämtland County had already been the target for geophysical investigations, including 
reflection and wide-angle refraction seismic profiling, magnetotelluric measurements and 
analysis of gravity and magnetic data; preparation for the COSC drilling has involved 
substantially more detailed investigations for defining the character of the upper(most) crust 
and the best locations for drilling (Fig. 17). Scientific drilling has been promoted by the 
Swedish Research Council with the purchase of a national drilling rig capable of providing 
continuous coring down to at least 2.5 km. Two holes were planned for COSC, the one 
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focusing on the emplacement of the highly metamorphosed allochthons (Seve Nappe 
Complex) and the other on the deformation in the lower thrust sheets and the underlying 
crystalline basement.  

 
Figure 17. Bedrock geological map showing the location of seismic profiling. From Juhlin et 
al. (2016).  

The COSC-1 drill-hole (Lorenz et al., 2015) was located in the middle and lower parts of the 
Lower Seve Nappe, near the abandoned Fröå copper mine, about 6 km to the east of 
Mörvikshummeln. The hole was drilled during the summer of 2014 and yielded 2.5 km of core 
through paragneisses and amphibolites and occasional pegmatites. The first results of the P-T-
t-D profile along the COSC-1 core are published in this abstract volume (Jeanneret et al., 
2017); they demonstrate a higher pressure early history than has been previously recognized. 
The second drill hole COSC-2 is partially financed and expected to be drilled in 2018-2019.   
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Part II 

Stop 2A. Seve-Köli boundary around river Handölån 

63°14'49.3"N 12°25'55.4"E 

 

We take the road to Trondheim and continue about 44 km to Enafors, where we turn right 
towards Handöl. We take the road to Storulvån, just before entering Handöl, and stop after 1.5 
km and follow a path eastwards through amphibolite and calc-silicate rocks of the Lower Seve 
(Blåhammarfjället Nappe, Fig. 18). 

 

 
 

Figure 18. Geology of the Handöl  Rödberget area showing location of stop 2A and 2B (stop 
1 and 2 on the map). From Bergman (1993). 

 

At the small hill there is a 300 x 150 m asymmetric lens consisting of kyanite- and sillimanite-
bearing paragneiss of the Middle Seve (Snasahögarna Nappe). The paragneisses of the 
Snasahögarna Nappe are the lithology in which the very first metamorphic diamond in the 
Swedish Caledonides was found (Majka et al. 2014). If you take a look towards SSE, assuming 
the visibility will be good, you will see the famous Tväråklumparna double peak (Fig. 19), 
whose tops are built of diamond-bearing gneiss.  

This fine- to medium grained rock is composed of garnet, sillimanite, biotite, white mica, 
quartz, plagioclase and K-feldspar as major minerals, less abundant are kyanite, phengite, Al-



158 
 

spinel, rutile and ilmenite. Garnet forms subhedral porphyroblasts and is homogeneous (Alm62–

64Prp31–33Grs3–4Sps1–2). It is partly replaced by biotite (XFe = 0.28–0.55) and plagioclase (Ab58–

60An38–40Or1–2). Sillimanite is prismatic, commonly intergrown with biotite. Kyanite occurs as 
inclusions in garnet and in the matrix, some of them being transformed to sillimanite. Phengite 
(Si = 3.15–3.34 apfu) occurs in the matrix commonly associated with quartz and K-feldspar. 
Some inclusions of rutile in garnet form oriented needles. Accessory minerals are zircon, 
monazite, titanite, apatite, carbonates, graphite and diamond. 

 

 
 

Figure 19. The Snasahögarna Mountains seen from a hill above the soapstone quarry in 
Handöl. A double peak in the middle is Tväråklumparna. Diamond-bering gneiss occurs at 
both summits. Photo: J. Majka. 

 

Diamond occurs as inclusions in garnet, ranging from 4 to 7 μm in size. These inclusions are 
concentrated in garnet cores (Fig. 20). In optical microscope, they are colorless and translucent 
through brown tinged to opaque. Some inclusions exhibit negative crystal shapes while others 
are cuboidal, spheroidal and bleb-like (Fig. 20B). Among inclusions intimately associated with 
microdiamond, quartz, rutile and carbonates are the most abundant. Detailed investigations of 
diamond using field-emission scanning microscope equipped with EDS show direct contact 
between the diamond and host garnet (Fig. 20C,D). 
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Figure 20. Microphotographs of microdiamond. A-B: Inclusion of microdiamond in garnet 
core observed in optical microscope (Plane polarized transmitted light). C-D: SEM images of 
the same microdiamond using a field-emission scanning microscope. From Majka et al. (2014). 

 

The discovery of metamorphic diamond in the Seve Nappe Complex provoked us to reconsider 
already existing tectonic scenarios for the central Scandinavian Caledonides and to propose a 
new one. However, note that the scenario presented below should be confronted with other 
ideas of e.g. Brueckner and van Roermund (2004) and Gee et al. (2013). Figure 21 shows a 
reconstruction of tectonic processes during the Caledonian orogeny, assuming subduction of 
the Seve Nappe Complex in an arc-continent collision and exhumation by extraction of the 
forearc lithosphere block. As a template, we used the presently ongoing arc-continent-collision 
in Taiwan (e.g., Malavieille and Trullenque, 2009) where extraction of the forearc block is 
defined by seismic tomography and earthquake hypocenter relocation (Shyu et al., 2011). We 
infer that the Middle Allochthon was part of the outer margin of Baltica, separated from the 
inner margin by a mantle culmination where the crust was nearly or completely attenuated by 
rifting (Andréasson 1994). Figure 21A shows the pre-collisional situation at ca. 470 Ma, 
including intra-oceanic subduction and island-arc formation. At ca. 450 Ma, the outer 
basement high of the Baltic margin collided with the forearc block causing subduction of the 
SNC rocks, in part to a depth of more than 100 km as indicated by our finding of metamorphic 
diamond (Fig. 21B). Ongoing convergence after the collision caused rupture of the thermally 
weakened mantle lithosphere under the volcanic arc, detachment of the forearc lithospheric 
block from the crust, and its downward extraction, whereby the SNC lost part of its overburden 
and was allowed (or forced) to rise diapirically into the void left back by the forearc block 
(Fig. 21C). 

We interpret ultramafic bodies of subcontinental type occurring in the Seve Nappe Complex 
(Brueckner et al., 2004) as derived from the mantle of the downgoing plate, Baltica, via the 



160 
 

“vacuum-cleaner” mechanism described by Majka et al. (2014). The considerably lower-grade 
metamorphic Köli Nappe Complex was emplaced directly on the exhumed SNC, across an 
extraction fault in the sense of Froitzheim et al. (2006), as was already proposed by Koyi et al. 
(2013) to explain structural peculiarities of this fault. Ongoing convergence led to subduction 
of the inner Baltic margin during the Scandian Orogeny (415–400 Ma; Fig. 21D) and UHPM 
of the Western Gneiss Complex. This implied a considerable tectonic overprint of the Seve 
Nappe Complex and re-subduction of its westernmost parts. Exhumation of the Western 
Gneiss Complex at ca. 400 Ma resulted from extraction of the trailing edge of the Iapetus plate 
(Fig. 21E), just before the onset of Devonian rifting (Fossen, 2010; not shown in Fig. 21). 

 
 

Figure 21. Hypothesis for tectonic evolution of the central Scandinavian Caledonides and 
exhumation of deeply subducted rocks. From Majka et al. (2014). 

 

Along the footpath east of the gneiss a small fragment of the Rödberget ultramafic-mafic 
Complex (interpreted as an ophiolite complex) is exposed at the base of the Köli Nappe. You 
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are now standing at the important terrane boundary between the home continental margin 
(Baltica) and the outboard terranes. A foliated cummingtonite-bearing serpentinite is overlain 
by a faintly layered cumulate leucogabbro cut at a high angle by a metadolerite dyke. 

Below the suspension bridge over River Handölån a high-level metagabbro intrudes the 
laminated psammites and pelites of the overlying Bunnran Formation. On the eastern side the 
metagabbro has a chilled margin and graded bedding and cross-lamination can be observed (if 
the water is low) in the metasedimentary rocks. 

On the western side about 150 m downstream there is a 6 m thick matrix-supported polymict 
metaconglomerate with flattened clasts of psammites andpelites, brown weathering marble, 
granite and abundant aggregates (≤0.5 cm) of green Cr-bearing mica (0.5 % Cr2O3). 

Fossils are not frequent in this part of the Scandinavian Caledonides, but a few poorly 
preserved Pelmatozoan stem segments can be seen in the strongly deformed (with sheath folds) 
marble in the road cut c. 300 m southwest of the Handöls Täljstens AB factory. In the old 
abandoned quarry there are blocks from the footwall of spectacular green fuchsite-quartzite. 

 

Stop 2B. Bunnerviken quarry 

63°15'0.2"N 12°26'53.7"E 

 

The talc-schist in this quarry is overlain by a c. 10 m thick mélange (Fig. 22). The matrix 
consists of varying proportions of mainly talc, antigorite, chlorite and carbonate. Most 
fragments in the melange are generally ultramafic, but grey, white and red jasper, vein quartz, 
marble and pelite are common here. Rhodochrosite, metagabbro and felsic plutonic rocks are 
also represented. A retrogressed and boudinaged mafic dyke cuts the mélange. The overlying 
calcareous psammites and pelites are intercalated with mafic meta-igneous rocks (with MORB-
chemistry). 

Approximately 400 m southeast of the quarry primary features can be observed in variously 
serpentinized pyroxene-bearing dunite. These features include compositional-and grain-size 
layering and small fine-grained dunite pods with gradational contacts to more coarse-grained 
varieties. The grain-shape fabric may be an inherited mantle structure. High-T slip planes in 
olivine and olivine chemistry support this assumption. 

In the stream-bed north of the ultramafite a controversial schist-amphibolite sequence (Köli or 
Seve?), including fuchsite-bearing quartzite, can be studied. Microstructure, mineralogy and 
garnet chemistry favour a Köli affinity. The metamorphic grade is slightly higher here than in 
the Bunnran Formation. 
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Figure 22. Blocks of mélange from the Bunnerviken quarry. Photo: B. Nita. 

 

Stop 3. Tännforsen  

63°26'43.5"N 12°44'23.4"E 

 

We take the road back towards Åre and continue to Staa, where we turn left towards Sandvika. 
After 6 km, we turn right towards Tännforsen tourist station. This is more sightseeing than 
strictly geological stop. Nevertheless, it is worth mentioning that here, the Iapetus Ocean-
related Köli Nappe Complex of the Tännforsen Synform belong to at least three different 
nappes. The Tännforsen waterfall (Fig. 23) is located in the hanging wall of the roof thrust of 
the lowest nappe, where the phyllites, during thrusting, became indurated and more resistant to 
erosion. Greenschists exposed along the path carry needles of actinolite typical of the middle 
Köli Nappe, with a preferred orientation ESE-WNW.After enjoyment of the waterfall, all 
participants should gather in the restaurant, located in the tourist station, for a traditional 
Swedish fika. 
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Figure 23. Tännforsen waterfall. Photo: J. Majka. 
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