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Abstract
The physical and mechanical processes rooted in the hydrated, serpentinized man-
tle above subduction zones remain insufficiently explored despite fundamental im-
plications for our understanding of rheology and fluid recycling along subduction 
interfaces. Through a field-based investigation, serpentinized peridotites and jade-
itite samples from a fossil forearc mantle in the Polar Urals (Russia) are studied 
here to document fluid–rock interaction processes in the high-P field, as well as 
the long-term evolution of the base of the mantle wedge. Petrographic, geochemi-
cal and microstructural observations reveal a complex, protracted evolution of the 
jadeitite-forming fluid pathway throughout the gradual cooling of the forearc mantle 
and increasing serpentinization of the host. It is shown that the jadeitite lenses in the 
studied locality (a) derive for a large part from a trondhjemitic dyke earlier emplaced 
in a warm subduction environment, and (b) record the cooling of the subduction 
hangingwall under high-P conditions associated with increasing host serpentiniza-
tion. In the studied locality, the majority of the jadeitites formed at relatively high 
temperatures (>600°C) by the influx of Na–Al-rich, slab-derived metamorphic fluids 
that were drained along the base of the mantle wedge, parallel to the subduction in-
terface. Changes in bulk-rock geochemical signatures and in paragenetic sequences 
also constrain the compositional evolution of the fluid channelized along this drain-
age, with an increasing sedimentary component. The phlogopite-bearing walls of 
the dyke exhibit Rb–Sr and Ar–Ar ages ranging between c. 405 and c. 390 Ma, a 
range partly overlapping within uncertainty with the previously dated zircons from 
the jadeitite core (410–400 Ma; U–Pb). This study opens a unique window on the 
pristine structures formed above the plate interface by melting and fluid–rock inter-
action in the early subduction stages, as well as their evolution during secular cooling 
of the base of the mantle wedge.
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1 |  INTRODUCTION

Understanding the pathways of subduction fluids produced 
by devolatilization reactions within the downgoing plate 
is of paramount importance to volatile budget and recy-
cling, as well as the rheology of the plate interface (Bebout 
& Penniston-Dorland,  2016; Hyndman & Peacock,  2003; 
Prigent et  al.,  2018; Scambelluri et al., 2019; Schmidt & 
Poli, 2014). The release of crustal fluids into the overlying 
mantle wedge is known to (a) create a variably serpentinized 
‘cold nose’ at temperatures <650°C and (b) lower the mantle 
solidus and generate partial melting at temperatures >700°C 
(Abers et al., 2017; Grégoire et al., 2008; Grove et al., 2012; 
Poli & Schmidt,  2002; Rüpke et  al.,  2004; Spandler & 
Pirard,  2013; Worzewski et  al.,  2011). The physical na-
ture of early fluid–rock interaction processes in the mantle 
wedge region of subduction zones remains insufficiently 
documented because most of known natural exposures from 
the base of the mantle wedge have been substantially over-
printed during long-lasting subduction and exhumation (e.g. 
Agard et  al.,  2018). Some studied occurrences comprise 
the Cuba–Dominican Republic serpentinitic mélanges (e.g. 
Krebs et al., 2011; Lazaro et al., 2011) and the Ladakh su-
ture zone in northern India (e.g. Bouilhol et al., 2012; Guillot 
et  al.,  2001). The nature and origin of another potential 
mantle wedge ‘cold nose’ section located in the Sambagawa 
belt in Japan remains a matter of debate (Aoya Endo et al., 
2013; Kugimiya & Takasu, 2002). Most of these localities, 
which commonly exhibit incomplete sections, have been 
overprinted during exhumation and therefore only preserve 
a limited fraction of the mantle wedge section. Long-lasting 
subduction-related serpentinization events also largely erased 
most of the markers from the early subduction stages, mark-
ers only occasionally preserved as dismembered blocks in 
‘serpentinite mélanges’ (e.g. Gerya et al., 2002; Lazaro et al., 
2009; Sorensen et al., 2010). It is important to note that such 
mélanges, despite their great geodynamic importance, may 
not be considered fully representative of the nature of the 
subduction interface hangingwall in active subduction envi-
ronments because of their long-lasting, protracted tectonic 
history (except perhaps for some recent, well-documented 
settings such as in the Marianas forearc mantle wedge; e.g. 
Tamblyn et  al.,  2019). This paradox may also explain the 
discrepancy between the nearly complete serpentinization 
degree of exhumed ‘mélanges’ and the relatively moderate 
estimates calculated by seismological studies based on the 
perturbation of seismic wave velocities (between 10 and 
40  vol.% hydration, for most present-day settings; Abers 
et al., 2017).

Jadeitites are locally found in serpentinite mélange set-
tings (together with blueschists and eclogites), and commonly 
interpreted as an evidence of fluid–rock interaction in the 
subduction channel (e.g. Tsujimori & Harlow, 2012). Indeed, 

Harlow and Sorensen (2005) and Harlow et al. (2015) have 
emphasized in their seminal review papers the importance 
of jadeitite bodies as markers of major fluid conduits in the 
(partly) serpentinized mantle above the plate interface. The 
pioneering observations of Bleeck (1908), Coleman (1961) 
and Harlow (1994) among others demonstrate that Na–Al–
Si-rich fluids precipitate as vein-filling material from up-
ward-moving slab-derived fluids. Yet, the vast majority of 
the tectonic settings on which this genetic model is based on 
(e.g. Myanmar, Guatemala) exhibit very discontinuous ex-
posures or even remobilized jadeitite boulders found along 
streams. We thus critically need more in situ observation 
of jadeitites in their formation environment as well as on 
structural relationships between jadeitites and their host per-
idotites (e.g. Sorensen et al., 2010). One of the few places 
on Earth where such pristine contact can be observed lies 
along the Main Uralian Thrust (MUT) in the Polar Urals, 
Russia (Dobretsov & Ponomareva, 1968; Meng et al., 2011; 
Figure 1). In this contribution, we focus on the Syum-Keu 
massif, and reconstruct through a petrochronological and 
geochemical study the evolution of this important jadeitite 
deposit. We highlight how these findings fill a critical gap in 
our current understanding about fluid transfer into the man-
tle wedge.

2 |  GEOLOGICAL BACKGROUND

The Palaeo-Uralian oceanic realm was located between the 
East European and Siberian cratons during early Palaeozoic 
times and comprised at least one intra-oceanic island arc 
(called Magnitogorsk arc in the Southern Urals; e.g. Queiroga 
et al., 2016; Savelieva et al., 2002; Stampfli et al., 2002 and 
references therein). Later, the East European continental 
margin entered into the Uralian subduction zone from upper 
Devonian to Carboniferous times (Brown et al., 2006; Glodny 
et  al.,  2004; Ivanov,  2001; Puchkov,  2009). In the Polar 
Urals, this collisional event led to the formation of a stack of 
continental nappes with East European margin affinity which 
are now overlain by a large nappe of partly serpentinized pe-
ridotites (namely the Syum-Keu, Rai-Iz and Voikar massifs; 
Figure 1a). The MUT (Figure 1a), which can be traced over 
2,000 km along the Urals belt (Dobretsov & Sobolev, 1984), 
juxtaposes these three peridotite massifs with the underly-
ing metamorphosed Timanian-age (late Neoproterozoic to 
Cambrian) continental margin of East European affinity (e.g. 
the Marun-Keu complex; Glodny et al., 2004; Meng et al., 
2020; Udovkina, 1971). In the Polar Urals, the MUT exhib-
its a complex tectono-metamorphic history encompassing 
a main prograde and a moderate retrograde structural over-
print (Sichev & Kulikova, 2012). A recent finding report-
ing an occurrence of garnet peridotite showing peak burial 
conditions >3.5 GPa (Selyatitskii & Kulikova, 2017) in the 
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F I G U R E  1  (a). Geological map of the 
Polar Urals showing the three ultramafic 
massifs mentioned in the text, separated 
of the underlying HP metamorphic units 
(continental crust and local remnants of 
blueschist facies ophiolites) by the Main 
Ural Thrust (in red). Green spots localize 
jadeitite localities mentioned in the 
literature. Note that these jadeitites bodies 
occur in a similar structural position, above 
the MUT and in the lowermost part of the 
Syum-Keu/Voikar/Rai-Iz peridotitic massifs 
(e.g. Dobretsov & Ponomareva, 1968). 
(b) Detailed geological map of the study 
area showing in the background the 
serpentinization rate (based on the mapping 
from Kuznetsov et al., 1986, completed 
by our chemical whole-rock analyses), 
as well as the location of the jadeitite-
bearing serpentinized network. All studied 
samples come from the place labelled “main 
deposit” [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Marun-Keu complex contrasts with other estimates pointing 
to relatively shallower burial conditions (1.6–2.1  GPa) 
in a rather hot subduction environment (600–700°C; Liu 
et al., 2019; Molina et al., 2002). This apparent discrepancy, 
together with the wide lithological diversity encountered in 
the field, may support the idea that the Marun-Keu complex 
is constituted by a stack of tectonic slices with different pres-
sure–temperature (P–T) histories. Eclogite facies meta-
morphism in this complex has been dated between 375 and 
359 Ma (Sm–Nd mineral isochron method: Shatsky et al., 
2000) and 366–358  Ma (Rb–Sr multi-mineral method; 
Glodny et  al.,  2003; ages recalculated using the updated 
IUGS recommendation for the 87Rb decay constant, cf. Villa 
et al., 2015).

Sandwiched between the metamorphosed East European 
crust and the three peridotite massifs (Figure 1a), the rem-
nants from the oceanic subduction stage (palaeo-accretionary 
complex) are rare in the Polar Urals and only exposed as mafic 
lenses and cherts wrapped by metasediments or serpentinite 
schists below the MUT (e.g. Figure  1b). High-P minerals 
such as glaucophane and jadeite (e.g. Kazak et  al.,  1976; 
Kuznetsov et al., 1986; ‘HP ophiolite’ in Figure 1b) are wit-
nesses of a high-P/low-T (HP–LT) context typical of a 
subduction environment. The three overlying peridotite mas-
sifs, locally transformed to antigorite schists in the vicinity 
of the MUT (Figure  1b), are mostly harzburgitic in nature 
(Savelieva & Suslov, 2014 and references therein). They ex-
hibit large chromite deposits and are cross-cut by numerous 
dunitic channels interpreted as the melt extraction pathways 
(Batanova et  al., 2011). Some domains have undergone in-
tense ductile deformation during the formation of oceanic 
lithosphere (Savelieva & Suslov,  2014). Most authors con-
sider the Rai-Iz, Syum-Keu and Voikar peridotite massifs 
as representative of a supra-subduction setting, providing a 
unique opportunity for evaluating the processes rooted at the 
base of an inferred Devonian–Carboniferous island arc (e.g. 
Batanova et al., 2011; Savelieva et al., 2002, 2007, 2016). It is 
indeed clear that the MUT hangingwall exhibits all the char-
acteristics expected for the base of a mantle wedge including 
(a) a serpentinization gradient and (b) the presence of jade-
ite veins in the hangingwall, above a HP–LT metamorphic 
imprint in the footwall (e.g. Batanova et al., 2011; Dobretsov 
& Ponomareva, 1968; Glodny et al., 2003; Meng et al., 2016; 
Shmelev, 2011).

3 |  FIELD RELATIONSHIPS AT 
THE STUDIED LOCALITY

The study area is located on the western flank of the Syum-
Keu massif in the Pus'yerka locality, north of the intersection 
between the MUT and the Bolshaya Xadata river (Figures 1b 
and 2a). Previous field investigations have revealed the 

presence of (a) serpentinized shear zones along and above 
the MUT (Kuznetsov et al., 1986) and (b) N–S to NE–SW-
striking jadeite-bearing lenses embedded in the serpentinized 
dunite–harzburgite host (Fishman, 2006; Meng et al., 2011, 
2016; Figure 1b). The regional foliation in the serpentinized 
host is generally parallel with the MUT structures. The ser-
pentinization ratio estimated from field, geochemical and 
density measurements reveal a background regional value 
of 35–65 vol.% (in line with the 45–65 vol.% estimates 
from Makeyev, 1992), with locally up to 90%–100% along 
the MUT and within the studied jadeite-bearing networks 
(Figure 1b; Table S1).

The serpentinized, jadeite-bearing domains mostly com-
prise antigorite schists with minor amounts of brucite, mag-
netite and phlogopite (Makeyev,  1992) as well as chlorite, 
tremolite and magnesite. The main jadeitite-bearing ser-
pentinized network is between 50 and 300 m thick, dips 50–
70° to the E and is located ~1 km above the main thrust, 
that is, the palaeo-subduction interface (see cross-section in 
Figure 1b). It pinches out and transforms into a narrow jade-
itite-free domain in the north and in the south of the mapped 
area (Figure 1b). Inside this shear zone, tens of whitish jade-
itite lenses, elongated parallel with the main foliation direc-
tion, are observed (Figure 2b). The mining of this jadeitite 
deposit in the 1980s enables a good structural description of 
the jadeitites and their relationships with their host. Jadeitite 
lens thickness ranges from several tens of centimetres to al-
most 2 m in the few places where the lenses can be observed 
in situ. It can be deduced from the shape of excavations that 
some jadeitite bodies reached between 5 and 8 m in width 
in their thickest segments and were up to 100 m long (e.g. 
Kuznetsov et al., 1986; Meng et al., 2011). The pioneering 
work of Kuznetsov et al. (1986), which provides critical in-
formation about the structural relationships before extensive 
mining and destruction of the exposure, reports that the jadei-
tite lenses form an en echelon ribbon with their long axis par-
allel to the main serpentinized network (Figure 1b). Jadeitite 
bodies form a several-hundred metres long, dyke-like struc-
ture, which has been moderately boudinaged during ductile 
shearing in the host serpentinites (Figure  1b). Importantly, 
these authors also mention the presence of ‘plagioclasite’ 
remnants with variable jadeitization imprint in the centre and 
in the north of the deposit.

Jadeitite bodies’ internal organization comprises (a) a 
white jadeite-rich core, (b) discontinuous mafic domains 
sharply separated from the white domains, and containing 
mm-sized intricate amphibole and phlogopite crystals, (c) 
cracks cutting through the jadeitite that contain phlogopi-
tite, a blueish amphibole and an emerald-green Cr-rich clin-
opyroxene and (d) variably thick, sheared phlogopite-rich 
metasomatic rinds lining the margins of the jadeitite body 
with the host serpentinite (Figure 2b–d; see also Kuznetsov 
et al., 1986). We provide hereafter a petrographic description 
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of these four zones. Zircon crystals separated from the white 
jadeitite yielded SHRIMP U–Th–Pb ages of 404  ±  7  Ma 
(Meng et  al.,  2011) and 409  ±  3.3  Ma (Konovalov & 
Sergeev, 2015), interpreted by Meng et al. (2011) as dating 
intra-oceanic subduction initiation within the Uralian ocean 
realm.

4 |  ANALYTICAL METHODS

Quantitative mineral chemistry was obtained using a 
Cameca SX-5 Electron Probe operated at the CAMPARIS 
analytical facility in Paris University using standard ana-
lytical conditions (15 keV, 10 nA, beam diameter 5 µm), 
with a set of synthetic and natural crystals for calibration. 
The X-ray maps were acquired on the same instrument 

using analytical conditions of 15  keV, 250  nA, a dwell 
time of 55 ms and a step size of 2 µm. Fe2O3 (Fe), MnTiO3 
(Mn, Ti), diopside (Mg, Si), CaF2 (F), orthoclase (Al, 
K), anorthite (Ca) and albite (Na) were used as stand-
ards. The X-ray images were processed and quantified 
with the DWImager software (R. L. Torres-Roldán & A. 
García-Casco, unpublished data; García-Casco,  2007). A 
scanning electron microscope (SEM) Zeiss EVO MA10 at 
the Institut de Physique du Globe de Paris using internal 
calibration standards was used for microstructural observa-
tions and surface composition characterization. The X-ray 
fluorescence (XRF) measurements were performed at the 
GFZ Potsdam (see Table S1 for local compositions and de-
tails on XRF analytical procedure). Mineral abbreviations 
are after Whitney and Evans (2010). Clinopyroxene and 
clinoamphibole compositions are calculated according to 

F I G U R E  2  (a) Field view photographed 1km south of the Pus'yerka jadeitite area showing the regional structure with the underlying Marun-
Keu complex overlain by the partly serpentinized peridotites from the Syum-Keu massif in which discontinuous pods of jadeitites are found, ~1 km 
above the Main Ural Thrust. Inset pictures show (left) a serpentinized dunite along a fracture and (right) a typical eclogite as found in the HP 
gneisses from the Marun-Keu complex. (b) View from one of the main jadeitite veins showing in situ relationships between the host serpentinites 
and the main jadeitite body. Jadeitite become gradually greener the closer it is to the contact with serpentinite. (c) Picture showing the contact 
between dark granofels and white jadeitite. (d) Picture showing a phlogopite-rich vein in which green Cr-jadeite and dark Na-amphibole have been 
observed (sample UR06) 
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the classification of Morimoto (1989) and Hawthorne and 
Oberti (2007) respectively. Atoms per formula unit is ab-
breviated apfu.

For Rb–Sr mineral dating, two small, phlogopite-rich 
samples (less than 50  g) were crushed for mineral sepa-
ration work. Rb–Sr isotopic data were generated at GFZ 
Potsdam on a Thermo Scientific TRITON thermal-ion-
ization mass spectrometer. Sr isotopic composition was 
measured in dynamic multi-collection mode. Rb iso-
tope dilution analysis was done in static multi-collection 
mode. The value obtained for 87Sr/86Sr in the NIST SRM 
987 isotopic standard during the period of analytical work 
was 0.710242 ± 0.000020 (2σ, n = 16). For age calcula-
tion, standard uncertainties of ±0.005% for 87Sr/86Sr and 
of ±1.5% for 87Rb/86Sr ratios were assigned to the re-
sults. Individual analytical uncertainties were consistently 
smaller than these values. Mineral separating technique 
and analytical procedures are described in greater detail 
in Glodny et  al.  (2008). Uncertainties of isotope and age 
data are quoted at 2σ throughout this work. The program 
ISOPLOT/EX3.71 (Ludwig,  2009) was used to calculate 
the regression lines. The 87Rb decay constant is used as 
recommended by Villa et al. (2015).

The 40Ar/39Ar analyses were conducted in the Noble 
Gas laboratory of Géosciences at the University of 
Montpellier 2, France, using a multicollector mass spec-
trometer (Thermo Scientific Argus VI MS) with a nominal 
mass resolution of ~200 and a sensitivity for argon mea-
surements of 3.55  ×  10−17 moles/fA at 200  μA trap cur-
rent. The mass spectrometer houses a Nier-type source and 
a fixed array of five Faraday detectors and one compact 
discrete dynode (CDD) detector. It is linked to a stainless 
steel gas extraction/purification line and CO2 laser system 
for step heating which produces after focusing a 1 mm di-
ameter beam that is used for step heating. The four sam-
ples selected for dating were irradiated for 20  hr in the 
core of the Triga Mark II nuclear reactor of Pavia (Italy) 
with several aliquots of the Taylor Creek sanidine standard 
(28.34 ± 0.10 Ma) as flux monitor. Argon isotopic interfer-
ences on K and Ca were determined from irradiation of KF 
and CaF2 pure salts from which the following correction 
factors were obtained: (40Ar/39Ar)K = 0.00969 ± 0.00038, 
(38Ar/39Ar)K = 0.01297 ± 0.00045, (39Ar/37Ar)Ca = 0.000
7474 ± 0.000021 and (36Ar/37Ar)Ca = 0.000288 ± 0.00001
6. After loading in the sample chamber, the samples were 
baked at ~120°C during 24 hr to remove atmospheric argon 
from the sample surface. Air aliquots from an automated 
pipette system were analysed prior to the sample analyses 
to monitor mass discrimination and detector bias. Line 
blanks were analysed between every three sample analyses 
and were subtracted from succeeding sample data. Step-
heating experiments on one to three mineral grains were 
conducted with a duration of heating of 60 s at each step. A 

custom-made software is used to control the laser intensity, 
the timing of extraction/purification and the data acquisi-
tion. The ArArCalc software© v2.5.2 (Koppers,  2002) 
was used for data reduction and plotting. All the data were 
corrected for system blanks, radioactive decay, isotopic 
interferences and mass discrimination. Atmospheric 40Ar 
is estimated using a value of the initial 40Ar/36Ar ratio of 
298.6 (Lee et al., 2006). Plateau ages are defined as includ-
ing >50% of the total 39Ar released, distributed over at least 
three contiguous steps, with 40Ar∗/39Ar ratios within agree-
ment of the mean at the 95% confidence level. Calculated 
ages are reported at the 2σ level and include uncertainties 
in the J-values.

The LA-ICP-MS trace element maps were acquired 
using a Resonetics M-50-LR 193  nm excimer laser cou-
pled to an Agilent 7700x Quadrupole ICP-MS housed at 
Adelaide Microscopy, University of Adelaide. Instrument 
conditions and mapping protocols similar to that employed 
in this study are outlined in Raimondo et al.  (2017). Pre-
ablation of each raster scan was completed to minimize the 
effect of redeposition (19 μm, 75% overlap), followed by 
15 s washout and 10 s of background measurement. A beam 
diameter of 19  μm, line spacing of 19  μm and repetition 
rate of 10 Hz were employed for a green jadeitite sample 
PU2, resulting in an energy density of 3.5 J/cm2 at the tar-
get. Standards were analysed in duplicate every 2 hr during 
the mapping session, including reference glasses NIST 
610 (Jochum et al., 2011; Pearce et al., 1997) and GSD-1D 
(Jochum et al., 2011). A beam diameter of 51 μm was used 
for all standard analyses, and included five pre-ablation 
shots (51 μm, 75% overlap) followed by 20 s washout, 30 s 
background measurement and 40 s ablation time. Data ac-
quisition was performed in time-resolved analysis mode as 
a single continuous experiment. Each analysis comprised 
a suite of 38 elements, and dwell times were as follows: 
0.01 s (Li), 0.002 s (Na, Mg, Al, Si, K, Ca, Mn, Fe, Ni), 
0.005 s (Sc, Ti, V, Cr, Nb, Ba, Hf, Th, U) and 0.008 s (Sr, Y, 
Zr, Ta, Pb, REEs). The total sweep time was 0.297 s. Post-
acquisition processing was performed using the software 
Iolite (Hellstrom et al., 2008; Paton et al., 2011; Woodhead 
et al., 2007), with data reduction and image processing pro-
cedures following those outlined by Raimondo et al. (2017) 
and Hyppolito et al. (2018).

5 |  PETROGRAPHY AND MAJOR 
ELEMENT CHEMISTRY

The schematic structure of a jadeitite body is shown 
in Figure  3c. A summary of studied samples is given in 
Table  1 and the paragenetic sequence for jadeitites and 
amphibole–phlogopite lithologies is provided in Figure 4. 
Additional optical microscopy pictures are provided in 
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Figure S1. Representative mineral analyses are presented 
in Table 2.

5.1 | White jadeitite cores (PU3, PU5)

The cores of the white jadeitite lenses locally contain substantial 
amounts of albite (Ab99) that exhibit incomplete transformation 
to jadeite. In sample PU3, the albite-rich matrix contains sev-
eral paragonite flakes (up to 0.5 mm in length) separated from 
the host albite by a corona of euhedral jadeite crystals (typi-
cally Jd92Quad8 in composition; Figure 3a). These relict para-
gonite crystals are characterized by relatively high-K contents 

(up to 0.17 apfu; Table 2; Figure 3a; see detailed X-ray maps 
in Figure S2g). In the vicinity of the albite-rich matrix several 
epidote grains with an average Fe2O3 content of ~7 wt% have 
been found. In some parts of the matrix, clinopyroxene is het-
erogeneously distributed and displays a striped zoning pattern 
comprising intercalations of jadeite-rich (Jd80Quad10Aeg10) and 
omphacite-rich lamellae (Jd45Quad45Aeg10; Figure 5a). These 
domains resemble exsolution patterns already reported in other 
high-T jadeitite studies (e.g. Cardenas-Parraga et al., 2012). 
SEM-based surface estimates of these domains provide inte-
grated chemical compositions ranging between 62 and 78 mol.% 
of the jadeite molecule (Figure 6a). In other regions, a zoning 
pattern with sub-millimetre to millimetre-sized idiomorphic 

F I G U R E  3  (a) Optical microscope image showing a paragonite crystal from sample PU3 rimmed by jadeite (Jd97) at the contact with large 
albite crystals. High-K regions in the paragonite core are also shown (see detailed X-ray maps in Figure S2g). (b) Microscopic view of a typical 
vein-filling habit where jadeite and fibrous omphacite co-exist (sample UR03b). (c) Sketch summarizing the structural relationships between 
the different parts of the jadeitite body and the host serpentinite. (d) Cross-polarized optical microscope image showing a large oscillatory Mg-
katophorite crystal growing in a phlogopite schist (PU4). (e) Representative microscopic view of the contact between the serpentinite and the 
jadeitite rim showing a Mg-katophorite and phlogopite-bearing foliation enclosing fractured chromium spinel crystals rimmed by kosmochlor  
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jadeite cores rimmed by oscillatory or interstitial omphacite is 
commonly observed (see for example Figure 7). Clinochlore 
(XMg = 0.95) inclusions were observed in jadeite cores. Rare 
ribbons of amphiboles ranging in composition between a par-
gasitic–edenitic amphibole and Mg-katophorite randomly 
occur in the matrix (NaA = 0.86–0.96 and NaB = 0.46–0.69; 
Figure  6b). Chromian spinel inclusions have been observed 
inside amphibole but are apparently absent from the white ja-
deitite groundmass. Zircon crystals (typically hundreds of µm 
long) are also found in the matrix. Clinochlore-rich chlorite 
(XMg = 0.92) and phlogopitic mica are found along some frac-
tures. The jadeitite matrix is partly affected along cracks and 
along grain boundaries by an albitization event, as well as a 
stage of late Na-rich zeolite formation (likely analcime). Rare 
pargasitic amphiboles are found within texturally late fractures.

5.2 | Green fractures (PU2, UR03b, UR06)

Omphacite (typically Jd43Quad51Aeg6) is observed along frac-
tures across the white jadeitite domain, either (a) overgrow-
ing previous fragments as epitaxial oscillatory-zoned crystals 
(Figure  5b) or (b) as fibre-like needles pointing towards the 
core of the veinlet (Figures 3b and 5a). The Mg chemical map 
shown in Figure  5c shows white jadeite (blue) sharply tran-
sected by oscillatory-zoned clinopyroxene ranging between a 
jadeite-rich (green) and an omphacite-rich (orange-red) compo-
sition. Within these Mg-rich veins omphacite with a dendritic 
or spherule-like habit is present (Figure 5d), locally overgrow-
ing a previous jadeitite clast. Omphacite also occurs distrib-
uted in the white jadeite-rich matrix along jadeite crystals rims 
(Figure 7). A jadeitic clinopyroxene (Jd83Quad12Aeg5) is also 

Zone
Samp. 
#

Paragenesis (ordered by 
abundance) Texture

White jadeitite PU3 Jd, Omp, Amp, Phl+(Pg, 
Ab, Ep)

Static albite, coronitic jadeite 
around paragonite

PU5 Jd, Omp, Phl, Amp, Cal, 
Clc

Dusty, brownish jadeite cores 
rimmed by clear jadeite 
rims. Sheared phlogopite 
transecting white, static 
jadeitite. Interstitial 
phlogopite laths between 
jadeitite crystals

Green fractures PU2 Jd, Omp, Phl, Amp Static, omphacite–phlogopite 
bearing veins

UR03b Jd, Omp Fibrous, oscillatory veins 
cutting through a white 
jadeitite matrix

UR06 Jd, Omp, Phl Sheared phlogopite

Dark granofels PY3 Amp, Phl, Jd, Omp, Cal, 
k-Fsp, Clc, Rt, Ttn, Ab

Static large amphibole crystals 
with interstitial, intergrown 
phl-clc laths

PY4 Amp, Phl, Chr Marked foliation

PY6 Amp, Phl, Chr Slightly sheared amphiboles 
with oscillatory pattern and 
blue rims

UR08 Amp, Cr-Omp, Chr Foliated, amphibole-rich 
breccia

Phlogopite schist UR10 Amp, Phl, Omp, Chr Marked phlogopite-bearing 
foliation, wrapping 
amphibole-rich clasts

PY14 Amp, Phl, Omp, Jd, Clc, 
Chr

Clasts of fractured amphiboles 
floating in a phlogopite-rich 
foliation

PU4 Amp, Phl, Clc Marked foliation, oscillatory 
amphibole crystals

Serp. UR09 Atg, Ol, Mag, Mgs, Clc 
(after Chr)

Static serpentinite, 
mesh texture, late 
carbonate+magnetite veins

T A B L E  1  Summary of studied samples 
mineralogy and main textural features
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observed in the centre of omphacite-rich veins and fractures 
(locally in equilibrium with phlogopite and clinochlore) and 
some rare quartz crystals. The very last incremental clinopy-
roxene generation filling the vein core exhibits 20–40  µm 
wide ‘pockets’ devoid of material or filled by a Ca-rich zeolite 
(Table S1 and Figures S1a and S2a). In some domains, phlo-
gopite (XMg = 0.95) is also observed as vein-filling material 
in equilibrium with Cr-rich omphacite. In the vicinity of frac-
tures, Mg-katophorites from the matrix are rimmed by a Na and 
Na–Ca amphiboles (Figure  6b; eckermannite and richterite; 
Table 2). Tiny, tens of µm-sized zircon crystals are observed 
in the matrix as well as inside the crack (Figure 7). In a sheared 
domain, we identified at the SEM (EDS mode) rare µm-sized 
crystals of As–Ni oxides that were too small to be accurately 
measured at the electron probe.

5.3 | Dark granofels (PY3, PY4, PY6, UR08)

The contact between the jadeitite and some amphibole–phlo-
gopite granofels (referred as ‘dark granofels’ hereafter), rarely 
well exposed in the field, is very sharp in observed specimens. 
While we concur with Kuznetsov et al. (1986) that most dark 
granofels are found along the contact between the jadeitite body 

and the ultramafic host, some places exhibit dark granofels 
fragments apparently inside the white jadeitite (Figure 2c). In 
most cases, the pristine coarse-grained dark granofels texture 
is overprinted by a pervasive ductile imprint, well marked by 
phlogopite-rich bands and strongly deformed amphibole-rich 
bands. The most prevalent amphibole species are edenite and 
magnesio-katophorite, which display contiguous euhedral crys-
tals (locally with oscillatory zoning), ranging in size from sev-
eral hundred of µm up to several millimetres (Figure 3d and 
Figure S2d). In this lithology, amphiboles rarely preserve their 
original core compositions ranging from pargasite to edenite 
(up to 0.7  wt% K2O and 0.4  wt% TiO2; Table  2). Their Ca 
content generally decreases towards the rim (from ~1.5 apfu to 
0.1–0.5 apfu), whereas Na increases (from 1.0–1.5 apfu up 
to 2.0–2.9 apfu; Figure 6b). Most amphibole mantles show 
a magnesio-riebeckite (or richterite) composition. On the other 
hand, sodic amphiboles such as glaucophane (XMg  =  0.87), 
eckermannite or nyboïte (Table 2; Figure 6b) are commonly 
observed as thin overgrowths along rims as well as along cracks 
and fractures (Figure 5e). The common zoning trend of am-
phiboles points to the coeval interplay of substitutions such as 
CaMg ↔ NaAlVI and CaAlIV ↔ SiNa(M4) (e.g. Spear, 1993) 
which both contribute to the increase of NaB and the decrease 
of Ca as visible in Figure 6b.

F I G U R E  4  Table summarizing the 
mineral growth relations observed in 
jadeitites (black line) and dark granofels 
(grey line) for the three main stages 
identified in their paragenesis 

Paragonite

Jadeite

Ca-Amp

Omphacite

Ca-Na Amp

Clinochlore

Zircon

Ti-phase

       Mineral

Jadeitite
Dark granofels

Plagioclase

Epidote

Phlogopite

Na-Amp

Cr-Spinel

Calcite

Retrogression

Edenite, Na-Tremolite Tremolite

Rutile Titanite

?

?

Pargasite

?

Mkt, Rct

Eck, Gln, Nyb 

Zeolites

kosmochlor-rich

white Jd green (+rare Qz)(no Qz)

Edenite

?

?
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Interstitial domains between large amphibole crystals are 
filled by euhedral clinochlore flakes intergrown with minor 
phlogopitic mica. Amphibole cores and mantles commonly 
contain clinochlore inclusions as well as chromite crystals, 
embedded within amphibole mantles or as submillimetric 
porphyroclasts in the main foliation (Figure 3e). The largest 
chromite grains, that also contain inclusions of phlogopite, 
are commonly rimmed by fibrous kosmochlore crystals (up 

to 22  wt% Cr2O3), a rare variety of Cr-rich clinopyroxene 
(Shi et al., 2005). Some fractures are also filled by clinopy-
roxenes ranging from jadeite (Jd83Quad5Aeg12) to omphac-
ite (Jd34Quad49Aeg17; Figure  6a). Bright, µm-sized Ba-rich 
phases were occasionally identified by SEM (EDS mode) 
along grain boundaries and fractures, displaying a compo-
sition close to celsian or hyalophane (~2–3 wt% K2O and 
20–25 wt% BaO). Fe–Ni sulphides (possibly pentlandite) 

F I G U R E  5  Electron microscopy images showing various representative textures recognized among the studied samples. (a) Sample UR03b 
(white jadeitite) cross-cut by numerous omphacitic veins. The white matrix exhibits exsolution textures made by layers of jadeite-rich and omphacite-
rich clinopyroxene (BSE image). (b) Sharp fracture filled by several omphacite generations ranging from idiomorphic, oscillatory to dendritic habits 
towards the centre of the vein. (c) Mg X-ray map of sample UR03b showing how the white jadeitite (in blue here) partly re-equilibrates along cracks 
as omphacite. Note the presence of jadeitite clasts inside the omphacite veins. Warm colours are used for relatively high concentrations and cold 
colours for relatively low Mg concentrations (original data in counts, acquired at the SEM). (d) Spherulitic omphacite growing in the vein-filling 
material. Jadeitite is also present as late interstitial filling crystals within the spherulitic/dendritic domains that form in the veins (BSE image). (e) 
Late crack forming within a pargasite/edenite-bearing dark granofels. Note the rims of the very rare nyboïte in apparent textural equilibrium with 
clinochlore, phlogopite, titanite, omphacite and jadeite. (f) Jadeitite cores (that locally exhibit exsolution textures) partly dissolved and replaced by 
omphacite that grew in equilibrium with a fine intergrowth of phlogopite and clinochlore. (g) Phlogopite schist showing large idiomorphic omphacite 
grains fractured and healed by a jadeitic composition rimmed by another omphacitic clinopyroxene that grew in equilibrium with phlogopite. (h) 
High-contrast image showing a chromite grain partly replaced by a first generation of kosmochlor-rich clinopyroxene rimmed by a second generation 
of Cr-rich omphacite within a Mg-katophorite-rich matrix. Note the very high porosity (filled by Cr-Omp and Phl) of the chromite that underlines the 
importance of dissolution and porosity formation in the mineral replacement process 

F I G U R E  6  (a) Ternary clinopyroxene plot (after Morimoto, 1989) showing the analysed compositions for jadeitites (white squares), dark 
granofels and phlogopite schists (black squares). Exsolved domains as shown in Figure 5 were measured using SEM surface estimates. They plot 
along the jadeite–diopside join. The striped area corresponds to the solvus relations calculated at 500°C by Green et al. (2007) in the hedenbergite-
free system diopside–jadeite–acmite. (b) Three-dimensional plot of amphibole compositions (inspired from the classification of Hawthorne 
& Oberti, 2007) using the Na contents in sites A and B together with the M3 content (where M3=Al3++Fe3++Cr3++Ti4+). Shaded areas are 
projected on the faces of the cube to help reading mineral group compositions. Amphibole compositions (from jadeitites and from dark granofels 
and phlogopite schists) are coloured according to their calcium content (in atoms per formula unit). Crystal cores span a range between edenite, 
hornblende, Na-tremolite and pargasite. Mantles are mostly made by Mg-katophorite and richterite, while outer rims and fracture-filling amphiboles 
correspond to eckermannite, glaucophane or nyboïte. This figure illustrates that the starting amphiboles cores were already substantially enriched in 
Na (mostly in site A) and that the metasomatic replacement during cooling of the subduction gradient led to an increase in Na in the B-site (together 
with an increase in aluminum) 

(a) (b)
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have also been identified by EDS. In the fractures, omphac-
ite, jadeite, halite, clinochlore-rich chlorite, calcite, titanite 
or rutile are also found (Figure 5e). Some other cracks ex-
hibit texturally late edenitic hornblende (in equilibrium with 
calcite and albite) post-dating the clinopyroxene-blue amphi-
bole assemblage.

5.4 | Phlogopite schists (UR10, PY14, PU4)

This melanocratic, schistose rock type is generally ob-
served at the contact between jadeitite and serpentinites. 
It comprises alternating phlogopite-rich bands and am-
phibole-rich layers. Whereas phlogopite composition is 

F I G U R E  7  Chemical data for a green omphacitic vein cross-cutting a white jadeitite groundmass. Matrix white jadeitite exhibits idiomorphic 
shapes and oscillatory zoning patterns. The increase in omphacitic component is well marked along their rims (see the Ca X-Ray map), as well as 
along the main crack. Also shown are trace element maps (in ppm) for a selected suite of elements (Cr, V, Ni, Y, Zr, Hf, Ce) in clinopyroxenes 
only (other phases such as phlogopite are displayed in the greyscale background). Representative analyses of the different texturally identified 
clinopyroxene generations were used to calculate and plot the N-MORB-normalized spider diagram, where a comparison of trace element contents 
of white jadeite cores, Ca-rich jadeite rims and omphacite is made 
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rather homogeneous around XMg  =  0.9 (Table  2), amphi-
bole exhibits a wide range of compositions from (a) ede-
nitic cores, (b) widespread Mg-katophorite or richterite 
needles and (c) thin eckermannite overgrowths and frac-
ture fills (Figure  6b). Some samples also contain Na-rich 
tremolitic amphibole cores (with up to 3.2  wt% Na2O; 
Figure 6b; Table 2; NaA = 0.47 apfu and NaB = 0.39 apfu), 
a composition rarely reported, for instance in xeno-
liths originating from the lithospheric mantle or in meta-
somatized palaeo-mantle wedge samples (e.g. Arai et al., 
2019; Ishizuka,  1980). Eckermannite grows within Mg-
katophorite fractures in textural equilibrium with omphacite 
(from Jd42Quad46Aeg12 to Jd55Quad31Aeg14; Figure 6b; see 
also Figure S2e). Locally, hundreds of µm-long needles of 
complexly zoned clinopyroxene (from Jd76Quad13Aeg11 to 
Jd42Quad47Aeg11) develop in the matrix together with phlo-
gopite and amphibole (Figure 5f,g and Figure S2c). Some 
clinopyroxene aggregates define quadrangular shapes with 
distinct fabric and mineralogical composition (Figure S2f) 
pointing to pseudomorphic replacement of a former jadeite-
rich clinopyroxene crystal. Chromite (#Cr = 0.8–0.9 with 
#Cr=Cr/Cr+Al+Fe3+), which locally exhibits a texture sug-
gesting dissolution-driven porosity formation (Putnis, 2009; 
Figure 5h), contains crystals of Cr-rich omphacite, phlogo-
pite and is rimmed firstly by a layer of kosmochlore-rich 
clinopyroxene (10–15  wt% Cr2O3) and secondly by a 
layer of Cr-rich omphacite (1–3  wt% Cr2O3). This ag-
gregate has been sheared within a foliated Mg-katophorite 
matrix (Figure 5h), together with phlogopite and rare clino-
chlore-rich chlorite. In rare places, a late edenitic composi-
tion overgrows Mg-katophorite margins.

5.5 | Serpentinite (UR09)

The serpentinitic schists wrapping jadeitite lenses mostly com-
prise antigorite (XMg = 0.99; Al2O3 = 0.07 wt%) and magnetite 
that formed at the expense of olivine (XMg = 0.92) and chromite. 
Magnesite (Mgs98) occurs as vein-filling material (together 
with magnetite and calcite) as well as in the matrix. Tremolite, 
clinochlore (after chromium spinel) as well as uvarovite garnet 
have also been observed in an adjacent serpentinite sample.

5.6 | Projection of bulk and mineral 
compositions

The ACFN projection shown in Figure  8, calculated with 
the software Cspace (Torres-Roldan et  al.,  2000; see 
Garcia-Casco et  al.,  2013 for construction details), has 
been constructed to visualize the distribution of mineral 
compositions (points) with respect to whole-rock estimates 
(squares). Bulk-rock compositions used in this figure are 

given in Table  S1. The spread of clinopyroxene analyses 
along the omphacite solid solution reflects the importance 
of the jadeite substitution CaMg ↔ NaAlVI between diop-
side CaMgSi2O6 and jadeite NaAlSi2O6 end-members. The 
average of the whole-rock jadeitite compositions for the 
Pus'yerka locality (data from Meng et al., 2016) plots almost 
along the Jd-Di joint. The white jadeite-rich part of sample 
PU2 also exhibits a composition close to this average value. 
A composition has been estimated (by SEM-based surface 
methods) for a region of sample PU3 that contains the al-
bite–paragonite association (inferred former trondhjemite, 
see discussion below) and has been only marginally affected 
by pervasive jadeitization.

Two surface composition estimates have been obtained 
for sample PY14 with a clinopyroxene-rich layer that plots 
closer to the jadeite tie-line and an amphibole-rich part of the 
thin section that plots within the cluster of amphibole probe 
analyses (Figure 8). Most amphibole compositions lie on a 
plane (not visible with the chosen angle of the projection) 
defined by nyboïte, tschermakite, tremolite–actinolite and 
richterite. Samples PY3 and PY6, which are both dark gra-
nofels, are localized in the middle of the amphibole data clus-
ter. Phlogopite and clinochlore mineral data have also been 
projected in this figure to show their relative compositional 
homogeneity.

6 |  MINOR AND TRACE ELEMENT 
MINERAL CHEMISTRY

In order to visualize and decipher minor and trace element 
mobility, a sample of white jadeitite (PU2) cross-cut by a 
green, fine-grained omphacitic (phlogopite-bearing) domain 
has been mapped using X-ray probe and LA-ICP-MS raster 
mapping. In Figure  7, the coarse-grained, idiomorphic ja-
deitic cores are characterized by low Ca, Cr, Ni, V, Y and 
Ce (see Figure S3 for further element maps). Interestingly, 
these jadeitic cores exhibit relatively high Zr and Hf con-
centrations (up to ~150 and ~20  ppm respectively). The 
N-MORB normalized trace element spider diagram shows 
that the cores are relatively depleted for most trace elements 
compared to their (oscillatory) rims, which are enriched in 
Cr, V, Ni, Y, Ce as well as most fluid-mobile element(e.g. 
K, Ba, Sr) and rare-earth element (REE). This overgrowth 
is locally depleted in both Zr and Hf compared to the cores 
(white-dotted square in Figure 7). The highest concentration 
of most minor and trace elements is found along clinopy-
roxene outer rims as well as along the omphacitic vein-like 
domain in the centre of the map. This enrichment is well 
marked on the Cr, V, Ni, Y, Zr, Hf and Ce maps (Figure 7; 
see also Figure S3). A small zircon crystal (possibly neo-
formed during vein formation) can be seen on the Zr and 
Hf maps.
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7 |  AGE CONSTRAINTS ON 
JADEITITE EVOLUTION

7.1 | Rb–Sr results

Rb–Sr dating is a well-established geochronological method 
for dating the waning stages of dynamic recrystallization of 
mica in equilibrium with other, simultaneously recrystallizing 
Sr-bearing phases (Freeman et al., 1998; Inger & Cliff, 1994), 
provided that no later thermal-diffusive or retrogressive reac-
tive overprint occurred. Metamorphic crystallization of mica 
due to fluid–rock interaction, and mica precipitation from 
fluids in veins can be dated as well (Glodny et al., 2003). In 
the absence of retrogressive reactive fluids, thermal stability 
of the Rb–Sr system of phlogopite is anticipated at tempera-
tures up to >600°C for geological timescales due to modally 
controlled closed system behaviour (Glodny et  al.,  2003, 
2008; Kühn et al., 2000). The two samples selected for Rb–Sr 
multi-mineral dating correspond to a phlogopite–jadeite–am-
phibole-bearing crack (UR06; Figure 2d) and a phlogopite–
jadeite hybrid schist (UR10; Figure 5g,h and Figure S2; see 
full analytical data set in Table S2). The isochron for sample 
UR10, calculated considering three phlogopitic mica (with 
slightly different densities and grain sizes), a blue–greenish 
amphibole and a Sr-rich feldspar (possibly celsian), yields an 
age of 394.5 ± 3.4 Ma (Figure 9) and is interpreted as dating 
cessation of ductile deformation. The isochron calculated for 
sample UR06, considering various phlogopite fractions (with 
slightly different magnetic properties) and two amphibole 
separates, exhibits a slightly older age of 399.9  ±  3.5  Ma 

(Figure  9) which is believed to date mineralization in the 
crack. Even though these two ages partly overlap, this age 
difference is kinematically compatible with textural observa-
tions showing that ductile shearing of mica-bearing domains 
post-dates crack formation.

7.2 | Ar–Ar results

Four phlogopite–amphibole-bearing fragments from a phlo-
gopite-bearing jadeitite (PU3), from two dark granofels 
(PY3, PY4) and from a phlogopite–amphibole schist (PU4) 
were analysed for Ar–Ar dating. The age spectra and isochron 
plots are shown in Table S3 and a summary of obtained ages 
given in Table 3. A striking feature of all these samples is the 
systematic presence of excess argon (see discussion below). 
Note that some amphiboles (PU3, PY3) contain a significant 
amount of 38Ar derived from chlorine (Table S3), probably 
related to the presence of clinochlore or halite inclusions as 
noted above. All samples exhibit initial 40Ar/36Ar ratios be-
tween 400 and 900 in the isochron plots, much higher than 
the air value of 298.6. Recalculation of individual ages con-
sidering these ratios for initial argon yields rather homogene-
ous age spectra with plateau ages mostly comprised between 
410 and 390 Ma. An example of this recalculation is shown 
in Figure 10. The uncorrected age spectrum displays appar-
ent ages continuously decreasing from 532 to 424 Ma for the 
last 10 heating steps representing more than 97% of the total 
39Ar released. On the isochron diagram, these steps plot on a 
straight line with an abscissa intercept age of 418 ± 10 Ma and 

F I G U R E  8  Projection of bulk-rock and 
mineral compositions in the Na2O-Al2O3-
CaO-(FeO+MgO) system, projected from 
the phases and exchange vectors indicated 
in the figure. Representative end-members 
of the main solid solutions are indicated as 
black dots. Fe is treated as FeOtotal 

Al O

CaO

FeO+
MgONa O

+MnFe-1
+Rt
+H O
+MgFe-1
+KNa-1
+Qtz

2 3

2

Pg

Ab,Jd

Eas

Nyb
Gln

Phl
Clc

Tr,Act
Di

Aeg

Prg

Mkt
Eck

Ed

Rct

(Trondhj.)
      PU3 

     Av. Jad (1)

      PU2 (Jad) 

Ts

      UR09 (serp.)

2

      PY14

      PY6

      PY3

      PY14

Omp

Whole-rock (jadeitite, trondhjemite)

Clinopyroxene

Paragonite

Phlogopite

Mg-Chlorite

Whole-rock (dark granofels)

Amphibole

 15251314, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12570 by U
niversidad D

e G
ranada, W

iley O
nline L

ibrary on [11/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



488 |   ANGIBOUST eT Al.

an ordinate intercept value for initial 40Ar/36Ar of 500 ± 33 
well above the atmospheric value used to calculate the uncor-
rected age spectrum. The spectrum corrected by replacing the 
value of 298.6 × 500 in the calculation of apparent ages gives 
a plateau age of 415 ± 5 Ma for the same heating steps. The 
very first heating steps that represent loosely bound argon to 
the mica surface or lattice defects are not considered in this 
age re-evaluation.

A summary of the Ar–Ar age distribution, compared with 
Rb–Sr ages from this study and other age data from the litera-
ture, is plotted in Figure 11. The oldest ages, 414.5 ± 5.2 Ma 
(Figure  11), are obtained from amphibole (Ar–Ar) within 
amphibole-rich bands from the white jadeitite sample PU3. 
In this sample the phlogopitic mica has clearly undergone 
re-equilibration during a younger fluid–rock interaction event 
at c. 355 Ma. Amphiboles and phlogopites from the dark gra-
nofels PY3 exhibit (excess Ar-corrected) ages consistently in 
the range 410–400 Ma. For the dark granofels PY4, two 
phlogopite single grains provide distinct plateau ages at c. 
404 Ma and c. 391 Ma, which could indicate partial argon 

loss for the younger grain. A similar disequilibrium pattern 
between amphibole and phlogopite is visible in the Phl-schist 
PU4, as the mica gives an older age of c. 403 Ma whereas 
the amphibole has apparently re-equilibrated much later at 
c. 382 Ma.

8 |  DISCUSSION

8.1 | Petrological constraints on jadeitite 
evolution

The Pus'yerka jadeitite locality in the Syum-Keu massif is 
among the best natural laboratories to understand how and 
when jadeitites crystallize in the mantle wedge. Our observa-
tions, in line with the previous studies by Kuznetzov et al. 
(1986) and Meng et al.  (2011, 2016), highlight the gradual 
evolution of the white jadeitite into a hybrid, deep green am-
phibole–phlogopite mixture formed by metasomatic interac-
tion along its rim at the contact between the jadeitite and the 

T A B L E  3  Summary of 39Ar–40Ar results

Sample Total age
Pseudo-
plateau %39Ar

Intercept 
age 40Ar/36Ar MSWD

Corrected 
total age

Corrected 
plateau %39Ar

PU3 amphibole 480.5 ± 1.9 472.0 ± 9.9 76.3 417.7 ± 9.5 500 ± 33 11.18 414.5 ± 5.2 414.5 ± 5.2 97.6

PU3 phlogopite 381.3 ± 2.1 381.9 ± 5.6 59 359.7 ± 11.8 899 ± 252 10.07 344.5 ± 5.6 354.8 ± 3.8 82.4

PU4 amphibole 385.8 ± 1.5 387.2 ± 3.7 75.3 385.7 ± 7.0 353 ± 171 10.88 384.0 ± 1.8 382.3 ± 2.8 63.9

PU4 phlogopite 1 409.7 ± 1.5 411.3 ± 2.0 94.4 404.5 ± 5.5 385 ± 63 2.65 400.3 ± 2.8 402.9 ± 2.6 83.4

PU4 phlogopite 2 407.7 ± 1.2 — — 393.0 ± 2.9 496 ± 33 10.35 391.7 ± 2.1 392.4 ± 1.8 93.1

PY3 amphibole 469.3 ± 2.1 — — 408.5 ± 11.1 522 ± 32 4.85 398.0 ± 7.9 406.4 ± 5.8 81.2

PY3 phlogopite 411.2 ± 2.7 410.6 ± 1.5 71.3 405.5 ± 2.6 411 ± 41 1.73 400.8 ± 3.9 404.1 ± 4.0 97.9

PY4 phlogopite 1 407.1 ± 0.9 — — 391.1 ± 1.4 625 ± 23 4.05 387.7 ± 1.7 391.0 ± 1.5 91.9

PY4 phlogopite 2 430.4 ± 1.4 — — 404.5 ± 5.7 510 ± 42 3.84 394.8 ± 2.9 403.4 ± 2.6 95.3

F I G U R E  9  Multi-mineral Rb–Sr isochrons for samples UR10 (left) and UR06 (right)
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host, driven by the influx of externally derived fluids. The 
metasomatic assemblage, which has not been studied in de-
tail at the Pus'yerka locality before, is known in other locali-
ties such as in the Jade Mine Tract, Myanmar (Nyunt et al., 
2017; Shi et al., 2005) or in Guatemala (Harlow, 1994). A 
long-lasting, protracted petrological evolution is well marked 
by the amphibole zoning (Figure 6b), grading from HT am-
phiboles (e.g. pargasitic hornblende, edenite) to the forma-
tion of narrow rims of sodic amphiboles (Figure 5e) such as 
nyboïte, eckermannite or glaucophane, which are considered 
as good markers of HP–LT subduction zone gradients (Howe 
et al., 2018; Mével & Kienast, 1986; Shi et al., 2012). This 
HP–LT overprint, challenging to evaluate with accuracy 
in this open and high-variance chemical system, can be in-
ferred from the widespread presence of exsolution textures in 
primary clinopyroxene crystals (Figure 5a,f): these textures 

have been interpreted as reflecting cooling below ca. 500°C 
(e.g. Cárdenas-Párraga et  al.,  2012; Garcia-Casco et al., 
2009), a temperature which is also compatible with the for-
mation of titanite, kosmochlor and glaucophane. The coeval 
presence of late jadeite and quartz in a vein sample constrains 
the pressure at a minimum value of ~1.4 GPa for a tempera-
ture of 500°C (Figure 12).

A key finding here is the report of a plagioclase–parago-
nite assemblage coexisting with edenite (or pargasite). This 
relict assemblage, commonly widely jadeitized (Figure 3a), 
is interpreted to derive from the emplacement and crystal-
lization of a former felsic dyke (named ‘plagioclasite’ by 
Kuznetsov et  al.,  1986 without further chemical or petro-
graphic details). Paragonite exhibits chemical characteristics 
(such as high K contents; see Figure  S2g) that support an 
elevated crystallization temperature: Pus'yerka is the second 

F I G U R E  1 0  Isochron plot and uncorrected (in black) and corrected (in red) age spectra for a PU3 sample amphibole  
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F I G U R E  1 1  Summary of 39Ar–40Ar ages obtained for four samples from jadeitite (PU3), dark granofels (PY3, PY4) and phlogopite schists 
(PU4). Detailed plateau age data (and applied corrections) are provided as a supplementary material. These ages are compared with Rb–Sr 
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the underlying Marun-Keu eclogites. These ages are related with the sequence of events described in the text [Colour figure can be viewed at 
wileyonlinelibrary.com]
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locality after Sierra del Convento (Cuba) where a case of 
likely magmatic paragonite is reported (see also Garcia-
Casco, 2007; Garcia-Casco et al., 2008). Although the 
original dyke composition is impossible to determine with 
accuracy (due to some minor jadeitization imprint involving 
possible dissolution/reaction of original magmatic quartz), 
sample PU3 exhibits in the paragonite-bearing region a local 
composition that ranges between an Al-rich albitite and a 
peraluminous, Ca-poor trondhjemite (Table S1; see its pro-
jected composition in Figure  8). The (rare) calcic amphi-
boles that coevally grew within the PU3 matrix may help 
constrain the P–T conditions of crystallization of this dyke. 
Approximate amphibole-forming P–T conditions are re-
ported in Figure 12 (grid modified from Harlow et al., 2015), 
extrapolating the calculated NaA and NaB contents at the en-
trance of the melt-bearing region: temperatures greater than 
650°C (due to the presence of melting) and pressures in the 
range 1.4–1.6 GPa are proposed. These P–T conditions are 
compatible with those obtained for the other example of par-
agonite-bearing, peraluminous meta-trondhjemite from the 
Sierra del Convento mélange (1.5 GPa, 700°C; Garcia-Casco, 
2007). The presence of albite instead of jadeite in the original 
dyke also implies pressure conditions lower than 1.5 GPa at 
temperatures >700°C, consistent with the local presence of 
epidote/(clino)zoisite. Therefore, and in the absence of fur-
ther petrological indicators (e.g. lawsonite, phengite, garnet), 
we hypothesize that the pressure remained relatively constant 
during the entire cooling of the Pus'yerka jadeitite locality 
as depicted in Figure 12 (see Blanco-Quintero et al., 2011; 
Endo et al., 2015; Krebs et al., 2011; Lázaro et al., 2009, for 

other, comparable examples of long-term subduction cooling 
in Caribbean mélanges and the Sanbagawa belt respectively).

8.2 | Age constraints on emplacement and 
alteration of the jadeitite-bearing dyke

The replacement of a felsic dyke to enable the formation of 
jadeitite bodies is an idea that has been proposed by Bleeck 
(1908), Lacroix (1930) and Chhiber (1934) based on obser-
vations made on now-disappeared exposures in TawMaw 
(northern Myanmar). Similar observations mentioning al-
bitite dykes jadeitized along their margins have been made 
in another jadeitite-bearing HP–LT suture zone in the 
Itoigawa region (Japan) by Iwao (1953). Bleeck (1908), re-
drawn in Harlow et al., 2015) also mentions the presence of 
schistose amphibole-rich inclusions (such as in Figure  2c) 
within as well as along the margins of the jadeitite body, sim-
ilar to our observations at Pus'yerka. Because the amphiboles 
in the dark granofels studied here have an edenitic–pargasitic 
composition similar to those found in the white jadeitite PU3 
(meta-trondhjemite), it is proposed that these dark granofels 
crystallized slightly before the (magmatic) crystallization of 
the felsic dyke (see following section). Note that their rela-
tively high CaO content (6–10  wt%) goes against direct 
diffusional chemical exchange along the jadeitite–peridotite 
boundary as a formation mechanism, as both jadeitite and pe-
ridotite have CaO contents lower than 1 wt% (see also a simi-
lar discussion in Coleman, 1961 and Mével & Kienast, 1986; 
see a comparison of rock compositions plotted in Figure S4).

F I G U R E  1 2  (a) Pressure–Temperature petrogenetic grid showing amphibole Na content (in sites A and B) as calculated for a jadeitite 
composition by Harlow et al. (2015) for the range 250–650°C. Wet jadeitite solidus is also from this work. Amphiboles from the meta-trondhjemite 
PU3 have compositions that yield P–T conditions inside the transparent pink/blue boxes. Constraints on the T range for these boxes are provided in 
text. The P–T estimates derived here are compatible with those proposed by Garcia-Casco (2007, 2008) for trondhjemites in the Cuban Sierra del 
Convento mélange (GC07). (b) Tentative sketch depicting the proposed P–T-time evolution of the Pus'yerka jadeitite body, combining petrological 
constraints together with new and existing age data. The trondhjemite solidus curve is from GC07. Temperature constraints on the underlying HP 
metasedimentary rocks have been obtained by Raman Spectroscopy of Organic Matter (RSCM; Angiboust et al., in prep.) [Colour figure can be 
viewed at wileyonlinelibrary.com]
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Some inferences on the timing of the crystallization of 
this dyke can be made by combining existing and new pet-
rochronological data. Whereas previously published zircon 
U–Pb ages are in the range 412–397  Ma for the white 
jadeitite (Konovalov & Sergeev, 2015; Meng et al., 2011, 
2016), we show here that amphiboles record a broad age 
range that overlaps with the oldest jadeitite zircon ages 
(c. 410 Ma) for the most pristine Ab–Pg bearing jadeitite 
(PU3: 420–409 Ma; Figures 10 and 11). Based on field, 
petrographic and age relationships, we propose that the al-
bite–paragonite–edenite assemblage formed coevally with 
the zircon crystals that were extracted from the white jade-
itite and dated by Meng et  al.  (2011). In other words, it 
is proposed here that some of the oldest ages obtained by 
previous workers on the zircon crystals from this jadeitite 
(e.g. the points 9 and 17 from Meng et al., 2011) may re-
flect the timing of felsic dyke crystallization at c. 415 Ma 
rather than jadeitization of the felsic body. This interpre-
tation, in line with the findings from Fu et al. (2010), Yui 
et  al.  (2012) and Hertwig et  al.  (2016) highlighting the 
multiplicity of zircon-forming events in jadeitites, provides 
an interesting perspective on the paradox raised by Harlow 
et al. (2015), who pointed out that jadeitite zircon ages are 
in general substantially older than peak burial metamor-
phic ages for the crustal rocks associated with jadeitites 
in HP–LT serpentinized mélanges (see also Tsujimori & 

Harlow, 2012). A magmatic origin of the jadeitite zircon 
crystals dated by Meng et al. (2011) is also compatible with 
the εHf(t) (mostly in the range 5–10) and δ18O zircon isoto-
pic values (5–6 per mil) obtained in Meng et al. (2016). 
Additionally, the 5–10 Ma timespan proposed here be-
tween dyke crystallization and jadeitite precipitation (see 
Figure  13) is similar to the c. 5  Ma window inferred for 
Sierra del Convento between the tonalitic–trondhjemitic 
samples (112.8  ±  1.1  Ma; Lazaro et al., 2009) and the 
P-type jadeitite ages (107.4  ±  0.5  Ma; Cardenas-Parraga 
et al., 2012; U–Pb SHRIMP zircon ages). This similar-
ity thus supports the assumption of a common formation 
mechanism between Cuban and Russian jadeitites, which 
would both have formed after fluids evolved from hydrous 
trondhjemitic liquids that would have produced P-type 
jadeitites in Cuba and R-type jadeitites in the Urals (P- and 
R-type jadeitites refer to fluid precipitate and metasomatic 
replacement, respectively, according to the classifica-
tion defined in Tsujimori & Harlow,  2012 and Harlow 
et al., 2015). The relatively large spread towards younger 
ages (c. 390 Ma; points 8 and 18 from Meng et al., 2011) 
would in our understanding either reflect the presence of 
dissolution–precipitation processes (e.g. Lei et  al.,  2016) 
and/or protracted Zrn crystallization over several Ma (e.g. 
Flores et al., 2013; Meng et al., 2016). The latter process 
is visible in the trace element maps (Figure 7) that clearly 

F I G U R E  1 3  Schematic reconstruction of the evolution of the jadeitite body (not to scale). After initial fracturing of the mantle wedge 
(perhaps during subduction initiation), K–Na melts (red arrows) infiltrated a fracture zone, causing metasomatism of the host peridotite and leading 
to the crystallization of dark granofels. A natural analogue of this process can be observed in Kamchatka xenoliths (e.g. Kepezhinskas et al., 1995). 
Based on field relationships, we infer that the same network was re-opened upon a later melt infiltration event from which a trondhjemitic dyke 
(comprising “enclaves” of previously formed dark granofels) has crystallized. Similar trondhjemites are reported in Sierra del Convento, Cuba 
(García-Casco et al., 2008). During the isobaric cooling stage depicted in Figure 11, sub-solidus conditions were reached and fluxing of Na–Al-
rich fluids (blue arrows) derived from the dehydrating slab almost fully replaced (i.e. jadeitized) the previous paragonite-bearing trondhjemitic 
dyke. Such a wide, white jadeitite dyke resembles that described by Bleek (1908) in the TawMaw region (Myanmar). Cooling and fluid infiltration 
below the upper thermal stability of antigorite (~630°C) led to serpentinization of the host peridotite and the formation of phlogopite schists and 
green jadeitites along cracks, fractures and dyke edges, as observed presently in Pus'yerka locality. Further shearing and block-in-matrix mixing of 
such material will upon ongoing subduction dismember within a serpentinite mélange, as described for instance along the Motagua Fault Zone in 
Guatemala (e.g. Harlow, 1994) 
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show Zr–Hf enrichment and the presence of a small zircon 
crystal formed along a green, omphacite-rich crack cut-
ting across the white matrix. Note that Vakhrusheva and 
Ivanov (2018) recently obtained a 398 ± 3 Ma zircon U–Pb 
age on a corundum-bearing plagioclasite from the Rai-Iz 
massif, above the MUT zone. Further investigations should 
determine whether these plagioclasites can be viewed as a 
non-jadeitized equivalent to the felsic dyke identified in the 
Syum-Keu massif Pus'yerka locality.

Phlogopite, which texturally comes in a secondary posi-
tion in the studied samples, exhibits Ar–Ar ages in the range 
408–390  Ma (Figure  10), in line with the UR06 Rb–Sr 
age (c. 400 Ma). Although some of these ages overlap with 
‘dyke’ ages, they are typically younger. Since all dated sam-
ples are affected by partial or complete jadeitization, the 
405–390 Ma range is hence considered as the main peak 
of phlogopite formation. We interpret these Ar–Ar and Rb–
Sr ages as crystallization ages rather than cooling ages be-
cause (a) theoretical closure temperature for Ar retention in 
phlogopite according to experimental diffusion data would 
be above 500°C (considering phlogopite crystal size greater 
than 200 µm and the P–T path from Figure 12; see calculation 
details in Villa, 2010), (b) Ar–Ar ages for phlogopite are sim-
ilar to those obtained here for amphiboles, which are known 
to have a closure temperature of 550 ± 50°C (Dahl, 1996), 
(c) presence of excess/initial Ar in phlogopite and amphibole 
a priori precludes a setting of the K–Ar isotopic clocks by 
temperature-related closure to diffusive Ar removal simply 
because the initial Ar has never been fully lost. Most im-
portant (d), however, is the fact that kinetic aspects of nu-
clide transport in a rock are critical for the interpretation of 
Rb–Sr and Ar–Ar age signatures. If intermineral and grain 
boundary related transport in a rock is virtually inhibited, 
radiogenic 87Sr and 40Ar will remain locked in place in the 
Rb- and K-bearing phases because there are no alternative 
reservoirs within reach where these nuclides could move to. 
Whereas rapid nuclide transport via the intergranular space 
is typically mediated by fluids (Villa, 2010), the absence of 
fluids leaves intermineral diffusion as the only process ca-
pable to reset isotopic clocks. In the absence of fluids, isoto-
pic closure is modally controlled (see discussion in Glodny 
et al., 2003), essentially by Sr, Ar concentrations and diffu-
sivities in the modally dominant phases of a rock. In fluid-ab-
sent, modally closed systems phlogopite Ar–Ar and Rb–Sr 
systematics have been shown to remain stable at tempera-
tures well above 600°C (Rb–Sr, Kühn et al., 2000) or even 
at mantle ambient temperatures of 800–1,200°C (Ar–Ar, 
Hopp et al., 2008). In conclusion, the here studied amphibole 
and phlogopite fractions from unretrogressed rocks are likely 
to date their crystallization within their respective high-P, 
high-T assemblages.

Later deformation-assisted recrystallization may have 
caused partial or complete resetting of some phlogopite and 

amphibole ages, explaining the Rb–Sr and Ar–Ar ages in 
the range 395–380 Ma (and up to c. 355 Ma in sample PU3; 
Figure  11). It is worth noting that sample UR06 contains 
abundant greenish, Cr-bearing sodic clinopyroxenes that grew 
at c. 400 Ma (Figure 9) in equilibrium with phlogopite in a 
crack post-dating the white jadeitite (Figure 2d). Assuming 
that the Cr enrichment of clinopyroxene relates to the incip-
ient serpentinization of the host (e.g. Tsujimori et al., 2005) 
and given the previously mentioned constraints on the jadei-
tite host age, it is proposed here that the down-T crossing of 
the antigorite-in reaction (which occurs in the 630–650°C 
range in such a setting; e.g. Padron-Navarta et al., 2013; 
Wunder & Schreyer, 1997) has been most likely achieved in 
the 405–400  Ma time window, contemporaneously with 
the bulk of the phlogopite precipitation (Figures 11 and 12).

8.3 | Replacement processes and incoming 
fluid composition evolution

The mineral formation sequence described in this study can 
help to constrain the evolution of fluid chemistry over a c. 
30 Ma period. It is widely accepted that fluids causing the 
formation of jadeitites derive from metamorphic dehydration 
reactions within the downgoing lithosphere, and more pre-
cisely those released near the blueschist-to-eclogite transition 
(e.g. Harlow & Sorensen, 2005; Schmidt & Poli, 2014). At 
high pressure under sub-solidus conditions, fluids in a su-
percritical state are compositionally far from pure water and 
are known to contain a large concentration of solutes such 
as SiO2, Al2O3 and Na2O (alkali-aluminosilicate polymeriza-
tion; e.g. Manning, 2004; see also Schneider & Eggler, 1986). 
Elemental solubility is enhanced by the presence of salts 
such as NaCl in the fluid phase (Newton & Manning, 2010). 
Jadeitites are known to precipitate from fluids with salt con-
tent close to seawater (Kawamoto et al., 2018). At tempera-
tures higher than ~630°C (in the 1.0–1.5 GPa range), the 
same aqueous fluids can evolve into a hydrous silicate liquid 
formed by a polymerized molecular network (Ni et al., 2017). 
Elements classically considered as insoluble (e.g. Ti, Zr, Hf) 
may under these conditions become mobile in subduction 
environments, even in a water-rich solution (e.g. Rubatto & 
Hermann, 2003; Sorensen et al., 2010).

Under warm subduction gradients (>15°C/km), trondh-
jemitic melts can occur due to slab melting (Garcia-Casco 
et al., 2008; Lázaro et  al.,  2011; Lázaro & Garcia-Casco, 
2008; Rapp et al., 1991). Only few examples of felsic melts, 
interpreted as related to subduction initiation or derived from 
a slab-rupture event, are reported in peridotites from mantle 
wedges (e.g. Cluzel et al., 2006; Kepezhinskas et al., 1995; 
Shimizu et  al.,  2004). The projection shown in Figure  8 
highlights how compositionally close (in terms of major el-
ements) the inferred ‘trondhjemite’ (sample PU3) is from a 
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jadeitite, suggesting that the evolution from supra-solidus to 
sub-solidus conditions occurred at a relatively constant melt/
fluid composition, most likely between c. 415 and c. 410 Ma 
(Figure 12). Note, however, that a trondhjemite recrystalliz-
ing at HP would transform into a jadeite+quartz assemblage. 
It is thus likely that some silica removal (not visible in the 
chosen projection) occurred during fluid–rock interaction.

Even though the pristine structural relationships between 
the felsic dyke and the dark granofels blocks have been thor-
oughly overprinted during the long-lasting metamorphic and 
metasomatic evolution of the jadeitite body, one can postulate 
that these dark granofels formed slightly before trondhjemite 
crystallization (Figure  13). Indeed, experimental studies, 
together with mantle xenoliths investigations have demon-
strated that the infiltration of alkali-rich fluids (or a hydrous 
K–Na-rich silicate melt) into a peridotite at T > 700°C can 
lead to the formation of a range of amphiboles (such as 
pargasite, Mg-katorophorite and Na-tremolite) similar to 
those reported in the studied dark granofels (e.g. Pirard & 
Hermann, 2015; Safonov & Butvina, 2016; Soret et al., 2016; 
Figure 6b). Amphibole crystallization from a fluid (or from 
a melt) is also indicated by its oscillatory pattern as shown 
on the Cr2O3 X-ray map provided in Figure  S2d. The oc-
currence of clinochlore inclusions in amphibole cores con-
strains amphibole crystallization to less than 900°C (e.g. 
Fumagalli et al., 2014). This interpretation differs from Chen 
et al. (2018) for the Hkamti Jade Mine in Myanmar, where 
similar dark granofels are considered as a blackwall alteration 
formed by reaction of the jadeitite with the host serpentinites 
(see Table S1).

Subsequently, the original trondhjemitic dyke has been 
almost completely obliterated by a sub-solidus jadeitization 
event (Figure 13). Previous geochemical investigations have 
demonstrated that the fluid from which this jadeitite formed 
derived from a subducted oceanic slab with only a minor 
sedimentary component (Meng et  al.,  2016). The studied 
textures in the jadeitites reveal that fracturing and migration 
of a Na–Al-rich fluid along grain boundaries assisted the 
nearly complete replacement of the protolith dyke. The orig-
inal slab-derived fluid, possibly initially saturated in silica, 
may have reacted with the peridotites before emplacement 
in order to decrease the chemical potential of SiO2 and trig-
ger the crystallization of jadeite at the expense of albite. This 
metasomatic replacement process (as defined by Korzinskii, 
1959) has been already identified in early, pioneering studies 
by Dobretsov and Ponomareva (1968) in the Voikar (Polar 
Urals) and Prebalkhash regions, as well as by Kuznetsov 
et al. (1986) in the Pus'yerka jadeitites of the Syum-Keu mas-
sif. The presence of idiomorphic jadeitic crystals, commonly 
invoked to discount the presence of a pre-jadeitite protolith 
(Harlow & Sorensen, 2005), would in our view reflect the de-
velopment of a very high fracture-controlled porosity and per-
meability, with voids maintained open due to near-lithostatic 

pore fluid pressures. Coupled dissolution–precipitation (e.g. 
Putnis & John, 2010) also played a critical role in digesting 
the dyke remnants, enabling the growth of idiomorphic clin-
opyroxene or amphibole crystals (see also Lei et al., 2016 for 
similar conclusions based on the geochemical investigation 
of Myanmar jadeitites).

The dark granofels, comparatively less affected by per-
vasive recrystallization than the jadeitites, exhibit abundant 
evidence for brecciation and cataclasis, which also enhanced 
fluid flow within and around them (Figure  12). Given the 
Cr- and Ca-poor nature of the white jadeite replacing the 
dyke, we infer here that the incoming metasomatic fluid 
did not trigger serpentinization of the host peridotite, likely 
because the replacement occurred at a temperature greater 
than ~630°C, the upper T stability limit of antigorite (e.g. 
Padron-Navarta et al., 2013; Wunder & Schreyer, 1997). We 
thus infer that the white jadeitite formation event occurred in 
a rather narrow T window above ~630°C and below ~700°C, 
that is, the typical temperature where trondhjemite solidus is 
crossed for most chemical systems (experimentally and ther-
modynamically calculated data by Schmidt & Poli, 2004 and 
Garcia-Casco, 2007; Figure 12).

With progressive isobaric cooling of the system, the in-
filtrating fluids caused extensive serpentinization of the 
peridotitic host (Figure  13), releasing Ca and Mg (mostly 
from the pyroxenes) as well as Cr (mostly from the chro-
mium spinels and pyroxenes). The activity increase of these 
elements in the fluid phase is evidenced for instance by the 
scarce (<1 vol.%) formation of Cr-bearing omphacite along 
jadeite rims or along cracks (Figure 5). Additionally, the for-
mation of phlogopite crystals along fractures, voids as well 
as along grain boundaries in jadeitites (Figure 7) indicates a 
mixed crustal source with a substantial contribution from the 
subducting metasedimentary rocks (e.g. Harlow et al., 2016; 
Morishita et  al.,  2007). Metasedimentary-derived fluids 
would be enriched in K as well as in Ar, also released by the 
breakdown of K-bearing phases, thus explaining the elevated 
amounts of initial Ar measured in phlogopite and amphibole 
precipitated from the metasomatizing fluids (e.g. Menold 
et al., 2016). The LILE, Y, Zr, Hf and Ce enrichment of om-
phacite confirms that the texturally late clinopyroxenes also 
grew from fluids with a marked metasedimentary signature 
(Figure 7).

8.4 | Fate of fluids atop the 
subduction interface

The incomplete transformation of the jadeite-bearing dyke, 
which leads to complex overprinting disequilibrium textures, 
provides an opportunity to document the nature of the flu-
ids infiltrating the base of the mantle wedge shortly after an 
inferred subduction initiation event (e.g. Meng et al., 2011). 
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The initially very high temperatures (>800°C) caused by the 
transfer of heat from the lithospheric mantle most likely have 
generated a thermal environment approaching sub-arc condi-
tions. The alkali-metasomatism recorded by the most pristine 
dark granofels would in this model represent the infiltration of 
early fluids (or alkali-rich melts) in a dry mantle, thus poten-
tially shedding light on the structures and pathways that exist 
below arc volcanoes (usually sampled by xenoliths from arc 
lavas such as in Kamchatka; e.g. Kepezhinskas et al., 1995; 
see also Arai & Ishimaru, 2008). Since field investigations 
did not show evidence for similar dyke structures outside the 
Pus'yerka jadeitite network area (Figure 2), we postulate that 
the pathways where the alkali-metasomatism occurred have 
been later re-used by some trondhjemitic melts, derived from 
the melting of the downgoing plate at T > 700°C (Figure 13). 
Importantly, our study shows that a precursor such as a felsic 
dyke is necessary to form large volumes of white jadeitite in 
a subduction zone environment (up to 300 m thick dykes in 
Myanmar; Bleeck, 1908). Note that this does not preclude the 
possibility that in other localities some minor-sized jadeitite 
bodies formed from fluids precipitating in hydrothermal vein 
systems in the serpentinized peridotites (P-type), as proposed 
by Harlow and Sorensen (2005), Tsujimori and Harlow 
(2012) and Harlow et al. (2015).

The later jadeitization and serpentinization events, which 
occurred at sub-solidus conditions between ~700 and ~500°C 
(Figure 13), are due to the infiltration of Na–Al-rich fluids, 
again along the same trondhjemite-bearing ‘dyke’ structure. 
The dyke thus represented a persistent fluid pathway, en-
abling high-P slab-derived fluids to enter the base of the man-
tle wedge and travel up-dip, ~1 km above the palaeo-interface 
(Figure 1b). A relatively high fracture-controlled permeabil-
ity must have been necessary to re-open previously healed 
structures. It is envisioned that high pore fluid pressures that 
prevail in plate interface environments fluctuated from near 
to supra-lithostatic values, enabling the multiple-stage fault 
reactivation documented by our observations (Figure 5c; e.g. 
Davies, 1999; Halpaap et al., 2019). We conclude that pre-ex-
isting structural discontinuities such as dykes or fracture net-
works, rather than pervasive fluid flux, play a key role for 
conducting voluminous fluid quantities upwards in the man-
tle wedge.

8.5 | Witnessing the onset of subduction 
mélange formation

The Pus'yerka locality in the Syum-Keu massif represents a 
unique natural laboratory to study the physical conditions at 
the base of the mantle wedge at ~50 km depth, coupled with 
its evolution over c. 50 Ma from subduction initiation until 
closure of the oceanic basin and arrival of the continental 
margin (Figure 11). It also yields critical new information 

on how the base of the mantle wedge behaves during secular 
cooling of the subduction environment at rates of ~10°C/
Ma. In most jadeitite-bearing localities worldwide, several 
tens of Ma of plate convergence and exhumation history 
led to pervasive hydration of the base of the mantle wedge 
(Blanco-Quintero, et al., 2011; Harlow et  al.,  2015 and 
references therein), channel flow dynamics, as well as the 
complete block-in-matrix disruption of former continuous 
structures such as fracture zones or early dykes (Cárdenas-
Párraga et  al.,  2012; Garcia-Casco et al., 2009). Mélange-
type suture zones are known to host a wide diversity of 
lithologies including metasedimentary rocks and eclogites 
(e.g. Flores et al., 2015; Tsujimori et al., 2007). Our study 
highlights the geometry and formation mechanisms of jadei-
tites, meta-trondhjemites and dark granofels that are occa-
sionally reported in serpentinized mélanges (Garcia-Casco 
et al., 2008; Krebs et al., 2012; Shi et al., 2003). While it 
has been recently demonstrated that jadeitites form during 
subduction (and not during exhumation; Flores et al., 2013), 
it is likely that some of the biggest white jadeitites masses 
now preserved as blocks in serpentinized suture zones (e.g. 
Bleeck, 1908; Dobretsov & Ponomareva, 1968; Kuznetsov 
et al., 1986) formed initially at relatively high-T conditions 
(i.e. in the 500–650°C range). Note that no talcschists nor 
hybrid schists as known in mélange localities (e.g. Spandler 
et al., 2008) are reported in the Polar Urals. Further inves-
tigations should investigate (a) if this absence is related to 
the chemistry of the overlying peridotite, (b) if hybrid schist/
talc schist associations are really representative of the nature 
of the subduction hangingwall and (c) if hybrid schist/talcs-
chist associations have formed upon exhumation by mix-
ing with accreted metasedimentary rocks in a serpentinized 
environment. Was the degree of serpentinitization in the 
Uralian palaeo-mantle wedge insufficient to develop chan-
nel flow dynamics? Was the oceanic subduction event too 
short-lived to enable development of a weak channel as ex-
pected, for instance, in a highly serpentinized forearc envi-
ronment (e.g. Marianas wedge; Tamblyn et al., 2019)? Our 
observations support the idea that most present-day forearc 
mantles are relatively weakly hydrated (Abers et al., 2017) 
and that Marianas-type settings—where chaotic serpentinite 
mélanges are inferred—are the exception rather than the 
rule.

9 |  CONCLUSIONS

A boudinaged, dyke-like structure from the Polar Urals, 
hosted by partly serpentinized peridotite, is formed by 
white jadeitite with the layers of amphibole–phlogopite 
granofels and phlogopite schists. We show that the jadei-
tite body initially formed by the infiltration of alkali-rich 
fluids/melts before c. 410 Ma, leading to the crystallization 
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of edenite-rich dark granofels and paragonite-bearing 
trondhjemites. Later, below the wet trondhjemite solidus 
but above the antigorite stability field, a pervasive Na-rich 
aluminosilicate fluid nearly fully replaced the previous 
trondhjemite (as well as the amphibole-rich lithologies) 
and favoured the crystallization of a white jadeitite, pos-
sibly at c. 410 Ma. Lastly, isobaric cooling below 630°C 
(at ~1.5 GPa) is marked by (a) the formation of antigorite 
schists at the contact between the jadeitite and the host pe-
ridotite, and (b) the crystallization of a Cr-rich omphacite 
together with phlogopite and various Na-rich amphiboles 
(glaucophane, nyboïte, eckermannite) along white jadeitite 
edges and cracks, as well as inside dark granofels. Rb–Sr 
and Ar–Ar dating indicate that this event occurred between 
c. 410 and c. 395 Ma.

We interpret the described structure as a major fluid path-
way that remained active for c. 30 Ma, 1 km above and paral-
lel to the palaeo-subduction interface. Observed paragenesis 
coupled with major and trace element mineral chemistry 
demonstrate that this drainage collected slab-derived trondh-
jemitic melts. The dyke was then exploited by later fluids to 
penetrate the mantle wedge. This field example may perhaps 
be applied to other large jadeitite bodies (such as those known 
in Myanmar), implying formation at relatively high tempera-
tures (>700°C) in non-serpentinized lithospheric mantle, by 
replacement of a former felsic dyke in a hot subduction ini-
tiation environment. In Myanmar or in the Caribbean (and 
likely to a lesser extent in the Polar Urals), later fluid–rock 
interaction events may have allowed crystallization of further 
jadeitite-bearing rocks at much lower temperatures (<500°C) 
with cooling of the subduction system and serpentinization of 
the host mantle wedge. Our results highlight the original spa-
tial relationships between diverse lithologies such as green 
and white jadeitites, dark granofels and metasomatic trondh-
jemites, which were until now mostly reported as dismem-
bered blocks in poorly exposed HP serpentinite mélanges 
worldwide. We underline here the great importance of the 
Pus'yerka locality (Syum-Keu massif, Polar Urals) for un-
derstanding melt generation and fluid–rock interaction pro-
cesses immediately above the plate interface at the inception 
of subduction settings.
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SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

Table S1. Bulk-rock major elements composition table for 
serpentinites and associated metasomatic rocks from the 
Pus'yerka locality.
Table S2. Full Rb–Sr isotopic data set.
Table S3. 39Ar–40Ar geochronological results.
Figure S1. Optical microscope pictures of (a) an omphac-
ite-bearing vein opened in a white jadeitite, with voids (pos-
sibly former fluid inclusions) partly filled by zeolites. (b) A 
representative foliated metasomatic Phl-bearing dark gra-
nofels. (c) A dark granofels. (d) A weakly serpentinized dun-
ite from the host peridotites.
Figure S2. (a) and (b) SEM BSE picture of an omphac-
ite-bearing vein with possibly former fluid pockets, partly 
filled by zeolites. (c) SEM BSE picture showing the rep-
resentative matrix of a phlogopite schist. (d) X-ray maps 
showing the Al2O3, Cr2O3 and Na2O contents of a cluster 
of amphiboles from a dark granofels. (e) SEM BSE picture 
showing how the edenite crystals were fractured and filled by 
an omphacite-rich clinopyroxene. They are also rimmed by 
an amphibole with an eckermannitic composition. (f) SEM 
BSE picture showing a pseudomorph after a primary clin-
opyroxene in a matrix fully recrystallized by omphacite and 
phlogopite. (g) Al, K, Na and Ca X-ray maps (counts) show-
ing major element distribution in the area of the coronitic par-
agonite crystal from Figure 3a (sample PU3, processed with 
DWImager).
Figure S3. Additional probe and LA-ICP-MS maps (sample 
PU2).
Figure S4. Comparison of dark granofels major element 
composition (data from Table  S1) with respect to jadeitite 
and host ultramafics.

How to cite this article: Angiboust S, Glodny J, 
Cambeses A, et al. Drainage of subduction interface 
fluids into the forearc mantle evidenced by a pristine 
jadeitite network (Polar Urals). J. Metamorph. 
Geol.2021;39:473–500. https://doi.org/10.1111/
jmg.12570

 15251314, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12570 by U
niversidad D

e G
ranada, W

iley O
nline L

ibrary on [11/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1127/0935-1221/2012/0024-2193
https://doi.org/10.1127/0935-1221/2012/0024-2193
https://doi.org/10.2747/0020-6814.47.10.1048
https://doi.org/10.1144/SP332.1
https://doi.org/10.1016/j.gca.2015.05.025
https://doi.org/10.1016/j.gca.2015.05.025
https://doi.org/10.2138/am.2010.3371
https://doi.org/10.1038/ngeo1041
https://doi.org/10.1038/ngeo1041
https://doi.org/10.1127/0935-1221/2011/0023-2127
https://doi.org/10.1127/0935-1221/2011/0023-2127
https://doi.org/10.1111/jmg.12570
https://doi.org/10.1111/jmg.12570

