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KAJEUTUT U BBICOKOXKAJAEUTOBBIE ITOPOAbBI B COCTABE CEPITIEHTUHHUTOBBIX
MEJIAHKEW KOMILIEKCA PUO-CAH-XYAH (Jomunuxanckan Pecnyonuxa):
CBUAETEJBCTBO U3OXUMUYECKOTI'O 3AMEILIEHUSA
U METACOMATHUYECKOM JECUWJINKAIIUU MATMATHUYECKHX MMPOTOJIUTOB
C OBPA3OBAHUEM KAJIEUTA IIPU YYACTUU PIIOUOA
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B crarbe npencrasiien 0630p neTporpaduueckoil, MUHEPaIOrHYeCKOl 1 FeOXMMHYECKOi CHCTeMaTHK!
JKAJIGUTHUTA ¥ BBICOKOXKAJCUTOBBIX TTOPOJI, 00pa3yroNnuX OJIOKH B COCTAaBE CEPIICHTHHUTOBBIX MEJTaHKel KOM-
mwiekca Puo-Can-Xyan (PCX), Cesepnas [lomunukanckas Pecnybnuka. Kommneke PCX npeacrasnser coboit
0CTaToOYHOE 00pa3oBaHKe CyOMyKIIMOHHO-aKKPEMOHHOTO KoMmIiekca bonbmoit Kapubckoit nyru. B mpomiom
9Ta Jyra 3aHHMala MpocTpancTBo Mexay Ceseproit n KOxHON AMepuKoii, 3aTeM IepeMecTHIaCh K BOCTOKY
1 3aHsUIa CBOE HACTOSIIEE MOJOKEeHHEe Kak ayra MajiblXx AHTHIBCKAX OCTPOBOB; KOJUIM3HOHHBIE ()parMeHTHI
Bonproit KapuOckoii tyru coxpaHsoTCst BIOJIb IByX KOHTHHEHTAJIBHBIX OKpanH. Hama cucremarnyeckas Koi-
JIeKIMS BKJIIOYACT 00pa3Ibl HEOAHOPOAHOTO COCTaBa OT COOCTBEHHO XkanenTuta (>90 00.% xageuta) 10 BBICO-
KOKBapIIEBBIX TTOPOJI, COAEPIKAIINX JKaJeUT 1 TaBCOHUT. Cpenn 00pa3110B MOXKHO BBIIEIHUTH ABE TPYIIITBI HOPO.
B mopomax 6e3 KBapIieBoil OCHOBHOI MacChl OCHOBHBIM KHJIBHBIM BBITIONTHEHHEM W MPOMEKYTOYHOH (hazoit
SIBIISIETCS albOUT, a KBapIl IPUCYTCTBYET TOJIBKO B KAUECTBE BKJIIOUCHUH B IEHTPATBHBIX YaCTSIX HEKOTOPBIX
KPHCTAJUIOB JKaJienTa. B mopomax ¢ KBapieBoi OCHOBHON Maccod KBapIl IPHCYTCTBYET B OOJBIIMX KOJIHYeE-
CTBaxX, B TO BpeMsI KaK aJIbOUT BCTPEUaeTCsi OTHOCUTENBLHO PEAKO. [JTaBHBIH BOIPOC, CBSI3aHHBII C BEICOKOXKA e~
UTOBBIMH TTOPOJIAMHM: UMEJIO JIK MECTO OCAK/ICHHUE XKaJICUTA U3 BOOCOEPIKAILETO (IO BBICOKOTO JABICHUS
(«KuIbHOE OCaXKACHNE», UK THH P), nin e popMupoBaHHe BEICOKOXKAIEUTOBOM MOPOABI IIPOM30IILIO 3a CYET
OOIIMPHOTO METACOMAaTUYECKOTO 3aMEIIeHHs MarMariudeckoro nporonura (Tun R)? B HexoTopsix mpumMepax
TIPE/ICTABIICHEI TOPO/BI M3 CEKYIINX XKWL, YTO SIBHO YKa3bIBAaeT Ha MPHHAUISKHOCTS K THITy P. Tem He MeHee,
JUIst OONIBIIIMHCTBA 00pa3LoB KiaccuduKalys HeoxHo3HauHa. [IpencTaBieHHble B TaHHOH paboTe cucTeMaru-
3MPOBaHHBIC PE3YIbTATHI ETPOrpadGuUECcKOro U3ydeHHs: U XUMUYECKOTO aHaJIM3a BAJIOBBIX P00 jKaIeUTOBBIX
nopoyt komiitekca PCX 1Mo3BOISIOT clieaTh 3HaUUTeIbHbIEe yTodyHeHHs. OCHOBHO# apryMeHT IPOTHB ()OPMHUPO-
BAHMS KATEUTUTA U BEICOKOXKAICUTOBBIX MTOPOJ MO THITY R — 3T0 Upe3MepHast CloKHOCTh METACOMATHIECKOTO
MacconepeHoca, HeoOXOIUMOro st UX 00pa30oBaHMs M3 JTI0OOT0 HOPMAIFHOTO MAarMaTHYECKOTO IPOTOJIHTA.
XVMIYECKHI aHATIN3 BaJOBBIX IIPOO M COCTaBa METPOTSHHBIX AIEMEHTOB IT0Ka3aJl, YTO MHOTHE TIOPOAEI C KBap-
[IEBO OCHOBHOU Maccoil u3 komiuiekca PCX, BO3MOXXHO, 00pa30BajiCh B PE3yJIbTaTe H30XUMHUICCKOTO BBICO-
K00apu4ecKoro HU3KOTEMIIEPATypHOTO MeTaMOp(hH3Ma HOPMAIBHBIX OKEaHWYECKUX IUIArMOTPAaHUTOB, CyO.Iy-
LUPOBAHHBIX BMECTE C OKEaHN4eCKoH Kopoit. KpoMe Toro, cormacHo pe3yabsrataM H30KOHHOTO aHain3a, bonee
BBICOKO)Ka/ICUTOBBIE TIOPOJIBI, @ TAKXKE MOPOIBI O€3 KBapIeBOH OCHOBHOI MacChI TAKKe MOTIH c(hOPMUPOBATHCS
13 MOAOOHBIX INIATHOTPAHNUTOB, NMPEHMYIIECTBEHHO ITyT€M HENOCPEICTBEHHOH MECHIMKAINH, YTO SIBISETCS
BEChbMa BEPOSITHBIM B cpeje, Ooraroil cepneHTHHOM. KBapueBble BKIIOYEHHSI B KPUCTAIUIAX JKaJEUTa TOPOJ
0e3 KBapIIeBOH OCHOBHON Macchl TIOATBEPIKIAIOT IHIIOTE3Y, COIIACHO KOTOPOH IIJIarMOKJIa3 IIariorpaHuTHOTO
HPOTOJIUTA B3aUMOJICHCTBYET C XKaJIeMTOM U KBapieM. [Tocnenyromas qecuiankanys 1 00pa3oBaHue ans0urTa B
HEJOCHIIEHHON KPEMHNEM OCHOBHON Macce MOPObI MPHBOJIAT K MOSIBICHHIO XapAKTEPHBIX PETMKTOBBIX KBap-
LIEBBIX BKIIOYECHHUH B KPUCTAIIAX JKaIeHTa.

}I(adeumum, MemacomamuyiecKoe sameuieHue, CepnenmuHumosoble MeianHcobl, KOMnjiexkc Puo-CaH-XyaH,
U30KOHHDbIU AHANU3

JADEITITE AND RELATED ROCKS IN SERPENTINITE MELANGES FROM THE RIO SAN JUAN
COMPLEX, DOMINICAN REPUBLIC: EVIDENCE FOR BOTH ISOCHEMICAL REPLACEMENT AND
METASOMATIC DESILICATION OF IGNEOUS PROTOLITHS WITH FLUID-ASSISTED JADEITE GROWTH

A. Hertwig, W.V. Maresch, H.-P. Schertl

This study presents an overview of the systematic petrography, mineralogy, and geochemistry of jadeitite
and jadeite-rich rocks found as blocks in the serpentinite mélanges of the Rio San Juan Complex (RSJC) of the
northern Dominican Republic. The RSJC is one of the remnants of the subduction/accretionary complex of the
Great Caribbean Arc that once spanned the gap between North and South America, moved relatively eastward
to its present position as the Lesser Antilles island arc, and left collisional fragments along the two continental
margins. Our systematic collection of heterogeneous samples ranges from jadeitite s.str. (sensu stricto) with
>90 vol.% jadeite to quartz-rich rocks with jadeite and lawsonite. Two suites of rock types can be recognized.
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In the matrix-quartz-free rock suite, albite is the principal vein-filling or interstitial phase. Quartz is present only
as inclusions in the cores of some jadeite crystals. In the matrix-quartz-bearing rock suite, quartz is abundant
and albite is relatively rare. The first-order question concerning jadeite-rich rocks is whether jadeite precipitated
from a high-pressure aqueous fluid (“vein precipitation” or “P-type”) or whether the jadeite-rich rock formed
through comprehensive metasomatic replacement of an igneous protolith (“R-type”). Some examples occur as
discordant veins and are clearly P-type. For most, however, classification has been equivocal. The systematic
data on the petrography and whole-rock chemistry of jadeite rocks from the RSJC presented in this paper leads
to significant clarification. A major argument against R-type genesis is that the metasomatic mass transfer re-
quired to produce jadeitite and jadeite-rich rocks from any normal igneous protolith is prohibitively complex.
Using whole-rock and major-element compositions, we show that many members of the matrix-quartz-bearing
rock suite from the RSJC can be derived by isochemical HP/LT metamorphism of normal oceanic plagiogranites
subducted together with oceanic crust. Isocon analysis shows, furthermore, that more jadeite-rich rock types and
also members of the matrix-quartz-free suite can be derived from such plagiogranites primarily by straightfor-
ward desilication, a realistic scenario in a serpentine-rich environment. The quartz inclusions found in jadeite
crystals of the matrix-quartz-free suite corroborate a genetic path in which the plagioclase in a plagiogranite
protolith reacts to jadeite + quartz. Later desilication and the formation of albite in the Si-undersaturated rock
matrix leave tell-tale quartz inclusions as relics in jadeite crystals.

Jadeitite; metasomatic replacement; serpentinite mélange; Rio San Juan Complex; isocon analysis

INTRODUCTION

Monomineralic aggregates of the mineral jadeite, NaAl[Si,O], are the rarest variety of jade, which has
been a material of special significance for artisans worldwide since prehistoric time (Keverne, 2010; Harlow et
al., 2014). The material is very tough, hard, and brilliant when polished, which makes it a very desirable raw
material for manufacturing tools and for creating highly valued objects of adornment and worship (Keverne,
2010). From the point of view of a petrologist, monomineralic aggregates of the mineral jadeite are called
“jadeitite,” which represents a rare metamorphic rock type genetically associated with other high-pressure met-
amorphic rocks, usually in serpentinite-matrix mélange units. About 20 jadeitite occurrences are presently
known worldwide (Tsujimori and Harlow, 2012; Harlow et al., 2014). These serpentinite mélanges generally
represent exhumed fragments of fossil subduction channels from subduction zones with low geothermal gradi-
ents <12 °C/km (see summary by Harlow et al. (2014)). Present ideas on the formation of jadeitite and similar
jadeite-rich rocks suggest that these occurrences can provide valuable information on the nature and activity of
aqueous fluids in subduction zones. Early petrological studies (see summary by Harlow et al. (2014)), such as
in the Polar Urals of Russia (Dobretsov and Ponomareva, 1965) or the Clear Creek, New Idria District in Cali-
fornia (Coleman, 1961), concluded that jadeitite formed by comprehensive metasomatic replacement of blocks
of original leucocratic igneous or sedimentary rocks in the serpentinite via high-pressure aqueous fluids. This
type of genesis has been called “metasomatic replacement” by Yui et al. (2010) or “R-type” (from “replace-
ment”) by Tsujimori and Harlow (2012). Coleman (1961) also suggested that jadeitite formed by direct pre-
cipitation in veins, and, beginning with their detailed studies on important occurrences in Guatemala, Harlow
and coworkers (see summary in Harlow et al. (2014)) stressed and advocated the concept that massive jadeitite
generally forms by direct precipitation of jadeite from a high-pressure aqueous fluid. Yui et al. (2010) used the
term “vein precipitation,” whereas Tsujimori and Harlow (2012) suggest calling these “P-type” (from “precipi-
tation”). Regardless of the assumed mode of formation of jadeitite, it is clear that aqueous fluids must play an
important role in their genesis.

Interest in jadeitite has increased considerably in the last 20 years. Harlow et al. (2007) documented
about 14 known occurrences worldwide, and five years later Tsujimori and Harlow (2012) extended this list to
at least 19 localities. Considerable interest was generated in the Caribbean area by provenance studies on the
many lithic and jadeitite artefacts found at sites scattered over a number of widely dispersed islands (Harlow et
al., 2006, 2019; Garcia-Casco et al., 2013; Schertl et al., 2018), because such studies allow tracing trading
routes of pre-Columbian indigenous peoples (Hofman et al., 2007, 2010, 2011, 2014; Knippenberg, 2007,
2011). Until the discovery of jadeitite occurrences in the Dominican Republic (Schertl et al., 2007, 2012), east-
ern Cuba (Garcia-Casco et al., 2009; Cardenas-Parraga et al., 2012), and perhaps central Cuba (Millan and
Somin, 1981; Maresch et al., 2012), the classical occurrences in Guatemala already known to Mesoamerican
cultures (see summary in Harlow et al. (2014)) were the only known potential sources for Caribbean jade arte-
facts. In a recent paper, Harlow et al. (2019) studied artefacts from the Bahamas and concluded that several of
these must point to an as-yet unknown source. The search continues.

The present paper concentrates on the systematic petrography, mineralogy, and geochemistry of jadeitite
and jadeite-rich rocks in the Rio San Juan Complex (RSJC) of the northern Dominican Republic. A major prob-
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lem in the provenance studies indicated above is that the potential source areas are extremely heterogeneous in
themselves. Unless this heterogeneity is well documented, any comparisons of artefacts with potential source
areas will remain indecisive. In addition, previous studies on samples from the RSJC have already shown that
this occurrence offers the possibility of contributing to a number of outstanding questions on the nature and gen-
esis of jadeitites worldwide. The RSJC occurrence offers the possibility of studying isolated blocks of jadeitite
not only as a regolith on weathered serpentinite outcrops but also as both concordant and discordant veins and
layers in blueschist blocks that are themselves entrained in the serpentinite mélanges (Schertl et al., 2007, 2012).
Evidence for both P- and R-type genesis can be documented (Hertwig, 2014; Hertwig et al., 2016). A P-type
origin is evident in discordant veins crosscutting blueschist blocks in the serpentinite mélange from crack-seal
features and arrays of jadeite crystals growing outward from hairline fractures. Hertwig (2014) and Hertwig et al.
(2016) studied zircon separated from concordant interlayered jadeitite and blueschist in a block of the mélange
as well as from loose blocks of albite—jadeite rock and jadeitite utilizing SIMS U-Pb dating, REE and trace-ele-
ment analysis, and oxygen isotope study. No zircons were found in the discordant veins. All the rocks studied,
both from jadeite-rich samples and the blueschist host of the jadeitite layer, contain magmatic zircon grains that
were found to be essentially indistinguishable in age and that can be considered typical of igneous oceanic crust;
Hertwig (2014) and Hertwig et al. (2016) suggest inheritance from an igneous protolith and an R-type origin of
the jadeite-rich rocks. Actual jadeitite formation might have occurred as much as 40 Myr later, as suggested by
younger overgrowths (ca. 78 Ma) on magmatic zircon cores (ca. 117 Ma) separated from the concordant jadeitite
layer. Kawamoto et al. (2018) studied fluid inclusions in jadeite, quartz, apatite, and lawsonite from six jadeite-
rich rocks in the RSJC, including samples from interlayered jadeitite/blueschist blocks and discordant veins. All
the results are similar, regardless of assumed P- or R-type genesis, and point to a pervasive aqueous fluid slight-
ly more saline than seawater (~3.5 wt.% NaCl equiv. (Millero et al., 2008)).

The debate on whether zircon in jadeitite coprecipitated with jadeite from an aqueous fluid at elevated
pressures, or represents—at least in part—a relic from an igneous protolith, still continues (Yui and Fukuyama,
2015). Inclusions of jadeite or other high-pressure minerals in zircon can be misleading (“pseudoinclusions”),
as discussed by Yui and Fukuyama (2015) and Schertl et al. (2019). Nevertheless, detailed characterization by
U-Pb dating, REE and trace-element analysis, and oxygen isotope study corroborates the conclusion that in
many jadeitite occurrences the zircon crystals are inherited from an igneous precursor. It has been proposed that
zircon crystals were introduced by the high-pressure aqueous fluid as xenocrystals from some igneous precursor
in the same mélange (Yui and Fukuyama, 2015; Meng et al., 2016). Whether this suggestion is feasible may be
debatable; in the case of the RSJC, the clearly discordant jadeite-rich veins are built up from multiple genera-
tions of hairline fractures (Fig. 3¢ in Schertl et al. (2012)). No zircon crystals have so far been detected in such
veins, nor does it seem reasonable to expect far-reaching transport in such a crack-seal system. A primary argu-
ment that has been offered against a direct comprehensive metasomatic replacement of an igneous precursor
(Harlow, 1994; Harlow and Sorensen, 2005; Harlow et al., 2007, 2014) is that such a process should be consid-
ered unrealistically complex in terms of the necessary chemical exchange involved. It is the purpose of the
present paper to explore this assumption on the basis of the broad spectrum of jadeite-rich rocks we have ana-
lyzed in the RSJC. This geochemical and petrographical data base can also be used to address a second remark-
able observation. As documented by Harlow et al. (2007, 2014), the most common varieties of jadeitites are
silica-undersaturated and albite-bearing. If this is a primary feature, then jadeitite need not necessarily be a
high-pressure product. On the other hand, desilication may be secondary and caused by the silica-undersaturat-
ed environment provided by encasing serpentinite (Compagnoni et al., 2012).

In a recent paper, Angiboust et al. (2020) present a new, in-depth study of jadeitite occurrences in the
Polar Urals, in which they document high-temperature (between 500 and 700 °C) jadeititization of a trond-
hjemite dike that intruded forearc mantle. The trondhjemite melt was generated by adakite-type partial melting
of downgoing oceanic crust. Jadeititization proceeded in the ensuing subsolidus history of the dike via Na—Al
fluids initially derived from the subducting slab and later, in the stability field of antigorite, from circulating
serpentinizing fluids. Phlogopite-rich schist is a commonly observed product of fluid fluxing at the contact be-
tween dike and ultramafic rock. We emphasize here that this scenario differs distinctly from the processes of
jadeititization that have so far been described for the RSJC jadeite-rich rocks (Schertl et al., 2012; Hertwig,
2014; Hertwig et al., 2016). U-Pb age dating of zircon in blocks of metamorphosed oceanic crust and jadeitite
protoliths, in part as interlayered composites, yields the same ages. The jadeitite protoliths were already a part
of the oceanic crust before subduction. Phlogopite, the typical high-temperature blackwall product observed in
the Polar Ural example, was observed only in one sample (cf. Table 3) of about 100 discrete jadeite-rich blocks
from the RSJC studied in detail. Blackwall alteration assemblages typical of contacts between serpentinite and
entrained more siliceous blocks common in many mélanges are also found scattered in the RSJIC. However,
these assemblages are rich in actinolite and chlorite, indicating formation temperatures lower than 500 °C (Ev-
ans, 1977).
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GEOLOGIC SETTING

During the Late Jurassic and Early Cretaceous, the North and South American continental plates rifted
apart, leading to the formation of oceanic crust in the so-called Proto-Caribbean area and the Gulf of Mexico
(Pindell and Kennan, 2009; Pindell et al., 2012; Boschman et al., 2014). Much debate has arisen on the nature
of the evolving intraoceanic plate boundary connecting the east-dipping subduction zones of the North and
South American Cordillera at the mouth of this widening seaway. Further debate involves the question how an
east-dipping subduction zone can realistically evolve into the west-dipping juvenile oceanic island-arc system
that will become the intraoceanic Great Caribbean Arc (GCA) system (Pindell et al., 2012) migrating eastward
through the space between the two American plates and subducting the Proto-Caribbean oceanic crust (Pindell
and Kennan, 2009; Pindell et al., 2012; Boschman et al., 2014). Here we follow the seminal suggestion of Pin-
dell et al. (2012) that the intraoceanic plate boundary might have been a trench—transform—trench system. The
GCA then evolved from the bridging transform segment without the necessity of a debatable “flip.” Multiple
collisions of the eastward-migrating Caribbean Arc with the surrounding continental crustal domains occurred,
and remnants of the subduction/accretionary complex of the GCA are now spread out along the entire northern
boundary of the Caribbean microplate, in part dismembered by strike-slip faults (Iturralde-Vinent, 1994; Pindell
et al., 2005; Garcia-Casco et al., 2009; Flores et al., 2014; Stanek et al., 2019).

The Rio San Juan complex (RSJC) is one of the remnants of the subduction/accretionary complex of the
GCA now exposed in the northern Dominican Republic. The RSJC serpentinite mélanges (Fig. 1) formed in the
subduction channel of the GCA system and host tectonic blocks of various high-pressure metamorphic rocks,
such as different types of blueschist, eclogite, orthogneiss, and subordinate metapelite, marble, and cymrite-
bearing and various types of jadeite-rich rocks (Krebs, 2008; Krebs et al., 2011; Schertl et al., 2012). Krebs
(2008) and Krebs et al. (2011) provided detailed petrographic descriptions, as well as data on bulk-rock and
mineral chemistry, and derived P—T—¢ paths for typical metamorphic blocks from the mélanges. This array of
P-T—t paths allowed Krebs et al. (Krebs, 2008; Krebs et al., 2011) to describe the dynamics of mass movement
in such a subduction channel. The results correlate well with the predictions of the self-organizing 2D numeri-
cal subduction-zone model of Gerya et al. (2002), which takes into account the process of continuous hydration
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Fig. 1. Geological map of the Rio San Juan Complex showing the Loma Magante (LM), Arroyo Hicotea
(AH), Rio San Juan (RSJ), and Arroyo Sabana (AS) sampling locations (u, Gaspar Hernindez serpenti-
nites; sh, Hicotea schists; sp, Puerca Gorda schists; Pi, Imbert Formation; mj, Jagua Clara mélange; ma,
Arroyo Sabana mélange; MFZ, Morrito Fault Zone); Cenozoic cover is not differentiated; map according
to Escuder-Viruete (2010); position of the MFZ as proposed by Escuder-Viruete et al. (2013).
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of the mantle wedge and the formation of a dynamically widening serpentinite subduction channel by the fluid
released from a kinematically specified subducting plate. Both the petrologically based model and the numeri-
cal simulation yield mutual support and provide a coherent picture of a thermally evolving subduction zone.
Initiation of subduction is assumed to be at ca. 135 Ma (Pindell et al., 2012), and the subduction zone was active
until at least 60 Ma (Krebs, 2008; Krebs et al., 2011). Both clockwise and anticlockwise P—T paths for blocks
of eclogite can be documented (Krebs, 2008; Krebs et al., 2011), reaching maximum pressure conditions close
to the quartz—coesite boundary (ca. 2.5 GPa at 800 °C) during early subduction history. Cooling of the “warm”
nascent subduction zone to a mature feature with a dynamic thermal equilibrium at a low P/T gradient of
6—7 °C/km was reached at ca. 70 Ma. Garnet- and omphacite-bearing blueschist blocks show only clockwise
P-T—t paths and maximum P-T conditions of 1.2-1.8 GPa and 500-550 °C at around 80 Ma. Jadeite- and
lawsonite-bearing blueschist blocks with hairpin clockwise P—7—¢ paths indicate peak metamorphic conditions
of 1.5-1.8 GPa at 360-380 °C after 70 Ma. The P-T estimates for jadeitite and jadeite-rich rocks from the RSJC
vary from 350 to 500 °C and from 1.2 to 1.7 GPa (Schertl et al., 2012; Hertwig, 2014; Hertwig et al., 2016).
Such P-T conditions were thus first reached between 80 and 70 Ma. This age correlates well with the zircon
study of Hertwig (2014) and Hertwig et al. (2016) on jadeite-rich rocks.

SAMPLES

Jadeitites and related jadeite-rich rocks were collected from four main localities situated in the northern
(Loma Magante, LM), central (Arroyo Hicotea, AH; Rio San Juan, RSJ), and southeastern sections (Arroyo
Sabana, AS) of the Jagua Clara serpentinite mélange (Fig. 1). Since blocks of dense, high-pressure rocks, such
as jadeitite, are less susceptible to weathering than the strongly-sheared serpentinite matrix, they are generally
not in direct contact with the serpentinite and occur as lag deposits at the surface of weathered serpentinite (LM
locality) or as cobbles and boulders in riverbeds (AH, RSJ, and AS localities). The upper reaches of the Rio San
Juan River are here of particular importance, because they contain large quantities of boulders that accumulated
over time and originated almost exclusively from the surrounding serpentinite mélange. Except for the LM local-
ity, the Jagua Clara serpentinite mélange is not readily accessible, and only sampling along riverbeds (RSJ and
AS localities) and flood plains (AH locality) allowed studying a representative area of the central and southern
parts of the mélange. Boulders of jadeite-rich rocks in riverbeds are typically smaller than 1 m in diameter; in
contrast, blocks resting on hilly terrain can reach several meters. A representative selection of the investigated
rock samples discussed in the present study is provided in Table 1. The overwhelming majority of the samples
originate from the LM and RSJ localities (Tables 1, 2). Unless noted otherwise, the listed specimens are unique
in the sense that they were each taken from individual blocks and boulders to avoid sampling bias.

ANALYTICAL METHODS

Back-scattered electron (BSE) images were acquired using the LEO (Zeiss) 1530 Gemini scanning mi-
croscope and the Cameca SX-50 electron microprobe located at Ruhr-University Bochum. Routine mineral
analyses using the Cameca SX-50 were performed at 15 kV, 10-15 nA, and a defocused electron beam (5 to
10 um) to avoid loss of alkali elements. Counting times on background and peak were each 20 s. Data were
corrected using the PAP procedure implemented in the Cameca SX-50 software package. The X-ray response
was calibrated using the following reference materials: Si, andradite glass; Ti, rutile; Al, spessartine; Fe, andra-
dite glass; Mn, spessartine; Mg, pyrope; Ca, andradite glass; Na, jadeite; and K, K-rich glass. For a subset of
samples, the concentrations of some additional elements were acquired: Cr, Cr,O5; F, topaz (30 and 60 s count-
ing times on background and peak, respectively); and La and Ce, REE glass (S52SEE3).

Data storage and formula calculation utilized the MINCALC program developed by H.-J. Bernhardt
(2010). Formula recalculation of clinopyroxene and assignment of cations to tetrahedral and octahedral sites
followed suggestions in Morimoto et al. (1988). After normalizing analyses to four cations, the ratio of Fe?*/
Fe?* was estimated by balancing the number of oxygen atoms per formula unit to 6. Mica formulae were based
on 11 oxygen atoms per formula unit, and all Fe was treated as Fe?*; the mica nomenclature used in this study
is that of Rieder et al. (1998). Amphibole analyses were recalculated on the basis of 23 oxygen atoms per for-
mula unit. For amphiboles, estimation of the amount of Fe3" was done by normalizing the number of cations
(excluding Ca, Na, and K) to 13 and applying the procedure described in Leake et al. (1997). The amphibole
nomenclature follows recommendations in Hawthorne et al. (2012). The mineral formulae of chlorite and epi-
dote-supergroup minerals were based on 28 and 12.5 oxygen atoms, respectively. In the case of chlorite, all Fe
was treated as Fe?*; in the case of epidote-supergroup minerals, all Fe was assumed to be Fe3*.

The whole-rock, major-element data presented in this study (method “m1” in Table 5) were acquired us-
ing instruments in the chemical laboratories of Ruhr-University Bochum. Silicon, Ti, Al, Fe, Ca, Mg, Mn, K,
Na, and P were determined in glass beads (0.7 g of powdered sample fused with 7 g MERCK Spectromelt®
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A 12) by X-Ray fluorescence (XRF) spectroscopy using a PHILIPS PW 2404 instrument. The potentiometric
method described by Ungethiim (1965) was used to determine Fe3*/Fe?*. The H,0O content was analyzed by
Karl-Fischer titration after dehydration of the samples. The CO, content was determined using an ELTRA-
CS-500 carbon sulfur analyzer.

Trace-element data represent a compilation of data acquired at Ruhr-University Bochum and Acme Ana-
lytical Laboratories (methods “t1” or “t2,” respectively in Table 5). Lithium was analyzed in selected samples
by atomic-absorption spectroscopy (AAS) using a VARIAN AA 300 at Ruhr-University Bochum (sample di-
gestion: 1 mL HF (48%) and 5 mL HNO, (65%); water bath at 80 °C for several hours). Barium, Cd, Cl, Cr,
Cu, F, Mo, Nb, Ni, Pb, Rb, S, Sb, Sr, Zn, Zr, and Y were analyzed in pressed powder discs (8 g sample mate-
rial + 2 g Elvacit®) by XRF using a PHILIPS PW 2404 hosted at Ruhr-University Bochum (USGS Rock Stan-

Table 1. Selection of jadeite rocks discussed in this study
Samples |Loca- |Rock [Abbrev. Rock name Notes
lity* suite** [rock name***
25255 AH b JLQ Jadeite—lawsonite quartzite
26320/21 |LM3 b dJLQ Jadeite—lawsonite quartzite Discordant JLQ, samples from one block
26322 LM3 f Jdt s.str. Jadeitite s.str.
30023 LM1 |f Jdt s.str. Jadeitite s.str.
30045 LM2 - IBS Jadeite blueschist BS block
30046 LM2 b Jdt s.str. Jadeitite s.str. Part of the BS block (30045)
30065 LM1 |f Jdt Jadeitite
30066 LM1  |f Jdt Phengite-rich jadeitite
30071 RSJ2 |f Jdt Jadeitite
30083 LM2  |f Jdr Phengite—jadeite rock
30092 LM3 b JLQ Garnet-bearing jadeite—lawsonite quartzite
30101 LM3 b dJLQ Jadeite—lawsonite quartzite Discordant JLQ
30105 LM3 b dJLQ Jadeite—lawsonite quartzite Discordant JLQ
30106 LM3 b dJLQ Jadeite—lawsonite quartzite Discordant JLQ
30108 LM3 f Jdt Jadeitite
30765 LM2 |f Jdr Glaucophane-bearing phengite—jadeite rock
30766 LM2 |f Jdr Albite—jadeite rock
30769 LM1 |f Jdr Albite-rich phengite—jadeite rock
30772b  |LM2 b JLQ Jadeite—lawsonite quartzite Concordant JLQ layers in jadeite blue-
schist
30787 LM2 b dJLQ Garnet-bearing jadeite—lawsonite quartzite veinlet |Discordant JLQ
30790b |[LM2  |f Jdr Albite—jadeite rock
30799 LM3 b JLQ Jadeite—lawsonite quartzite
30804 LM3 b JLQ Jadeite—lawsonite quartzite
30823/24 |LM4 f Jdt Paragonite-bearing jadeitite Samples from one block
30846 RSJ1 |f Jdr Phengite-rich omphacite—jadeite rock
30852 RSJ1 |f Jdt s.str. Jadeitite s.str.
30853 RSJ1 |f Jdr Phengite-rich omphacite rock
30858 RSJI1 |b LQ Lawsonite quartzite
30871 AS f Jdr Phengite—jadeite rock
30999 AH f Jdr Jadeite—albite rock
31005 AH f Jdr Pumpellyite- and lawsonite-rich jadeite rock
31034 RSJ6 |f Jdt s.str. Jadeitite s.str. In contact with jadeite blueschist
31049 RSJ6 |f Jdt s.str. Jadeitite s.str.
31074 RSJ4 |f Jdt Jadeitite

* Abbreviated sample locality; for details see Table 2.

** b, matrix-quartz-bearing rock suite; f, matrix-quartz-free rock suite.

**% JBS, Jadeite blueschist; Jdr, jadeite rock; Jdt, jadeitite; Jdt s.str., jadeitite sensu stricto; JLQ, jadeite—lawsonite quartz-
ite; dJLQ, discordant jadeite—lawsonite quartzite; LQ, lawsonite quartzite.
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Table 2. Locations of samples and outcrop conditions

Locality Outcrop UTM Coordi- Notes
nates*

Loma Magante |[LM1 |Blocks along or adjacent to the |377900 2168100 |Mostly blocks on path
LM2 path that branches off from the 378300 2167400

main street and leads up to the
LM3 Loma Magante hill P 378400 2166900 |West of path, southwest-facing flank of Loma Magante

LM4 379600 2167000 |Approx. 800 m northeast from highest elevation (when
walking on path)

Rio San Juan RSJ1 |Boulders in the river beds of  |374400 2163000 |[At the river bend of the Rio San Juan River
RSJ2 the Rio San Juan River and its 374000 2162100

tributaries
RSJ4 374000 2161200 | Tributary at the upper reaches of the Rio San Juan River

RSJ6 379600 2162900 |Lower course of the Rio San Juan River; flat terrain
Arroyo Sabana |AS Boulders in the river bed of the 385400 2159400
Arroyo Sabana River

Arroyo Hicotea |AH Blocks in grassy and hilly 383200 2165300
terrain; flood plain close to the
confluence of the Rio San Juan
and Arroyo Hicotea Rivers

East of path, northeast-facing flank of Loma Magante

Approx. 900 m south of river bend

* WGS84, UTM Zone 19Q.

dards: RGM-1 and STM-1). The concentrations of Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr,
Y, and La—Lu (lithium metaborate/tetraborate fusion and subsequent dilute nitric digestion) were determined
using ICP MS in the laboratories of AcmeLabs. For information on mean detection limits for trace-element
analysis see Appendix EA1.

RESULTS
Naming conventions and definition of rock suites

The block inventory of the Jagua Clara serpentinite mélange comprises a huge variety of jadeite-rich
(vol.% Jd > 10) rocks, with many blocks being heterogeneous on a macroscopic scale. The jadeite-rich rocks of
this study are broadly divided into two rock suites, based on the presence of quartz in the rock matrix. In the
matrix-quartz-free rock suite, albite is the principal vein-filling or interstitial phase. Although quartz is virtu-
ally absent in this rock suite, a critical feature is that quartz does occur as small mineral inclusions within jade-
ite in many of the rocks, as will be discussed later in greater detail. Members of the matrix-quartz-bearing rock
suite contain abundant quartz, and albite is relatively rare.

Jadeite contents of >90 vol.% have been traditionally used to define and distinguish jadeitite from other
associated rocks (Harlow, 1994). While there are samples in our collection that are reasonably homogeneous
and jadeite-rich enough to be classified as jadeitite according to this definition (e.g., samples 30023 and 30046,
see Tables 1, 3), either most samples are too heterogeneous on the macroscopic scale, or the jadeite contents do
not reach 90 vol.%, or both. Acknowledging this traditional definition, we define rocks containing >90 vol.%
jadeite as jadeitite s.str. (sensu stricto). Acknowledging also the recommendations of the International Union of
Geological Sciences, samples with 75 < vol.% Jd < 90 are also classified as jadeitite, but without the sensu
stricto suffix. This is particularly applicable in the case of the matrix-quartz-free rock suite. The jadeite-rich
rocks of the matrix-quartz-bearing rock suite with jadeite contents <90 vol.% are classified as jadeite—lawsonite
quartzite (JLQ), jadeite quartzite (JQ), or lawsonite quartzite (LQ) according to the relative proportions of the
major mineral constituents. For simplicity of expression, all types of jadeite-rich rocks will be summarily re-
ferred to as jadeite rocks in this paper.

PETROGRAPHIC DESCRIPTION
Macroscopic rock fabric and appearance in hand specimen

Boulders in riverbeds are rounded and exhibit mostly smooth surfaces with thin (<3 mm) weathering
crusts. Blocks located within serpentinite are more angular to subrounded and, in rare cases, are encrusted with
various mineral aggregates. So far, no block has been found in direct, primary contact with the sheared serpen-
tinite matrix. Jadeite rocks appear pale to grayish green (Fig. 2a, b), greenish gray, or dark green (Fig. 2¢), with
the color being a function of the relative modal abundances of jadeite, omphacite, epidote-supergroup minerals,
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Table 3. Modal proportions in jadeite rocks of this study

Samples |Rock |Abbrev. [Jd Omp |Ab |Qtz |Cal |Phg|Pa |Bt |Chl|GIn|Lws|Grt |Ep/ [Ap |Ttn |Zrn |Opaque [Notes
suite* |rock Czo phases
name**

25255 b JLQ ++ m acc. [++ m acc. +

26320/21 |b dJLQ  [++ acc. T m acc. |acc. |+ acc. |acc.

26322 f Jdt s.str. |[++++ |m m m m Qtz incl. in Jd

30023 |f Jdt s.str. |++++ m m |acc. m acc. acc. Lws, Ab incl.
inJd

30046 b Jdt s.str. [++++ acc.m |m |m m acc. |acc. |acc.

30065 f Jdt +++ m + acc. m acc. acc. |acc. Qtz incl. in Jd

30066 f Jdt +++  acc. m m |+ acc.|m |acc. Rt enclosed by
Ttn

30071 f Jdt +++ Im m m m m |acc. |acc.|acc.

30083 f Jdr ++ m + |+ acc. acc.

30092 b JLQ ++ + acc. acc. + |m m

30101 b dILQ [+ m T+ m acc. |++ acc. |acc.

30105 b dJLQ |+ acc. acc. [++ m acc. |+ acc. |acc.

30106 b dJLQ |++ acc. |+ acc. +  |acc. acc. |acc. acc.  |Rtenclosed by

Jd + Ttn
Omp)

30108 f Jdt +++  |acc. m acc. m acc. |acc. |acc. acc. Anl

30765 f Jdr ++ acc. m + acc. |+ acc.|m Rt enclosed by
Ttn

30766 f Jdr ++ + + |acc. m |acc.|acc. acc. acc.|m

30769 f Jdr ++ + m |+ acc. [acc.|m Qtz incl. in Jd
and Cal

30772b |b JLQ + acc. acc. |[++ m acc.|acc. |+ acc.

30787 b dJLQ  |[++ + acc. acc.m [+ m

30790b  |f Jdr ++ m (Agt)|+ + |acc. m |acc. m m |acc.|m Qtz incl. in Jd

30799 b JLQ + acc. |++ m acc.|m |+ acc. m acc.

30804 b JLQ ++ acc. |+ m acc. |++ acc. m

30823/24 |f Jdt +++ @) acc. m [m m + m m |acc.

30846 f Jdr ++ + m + acc. [acc. + |acc.|acc. |acc.

30852 f Jdt s.str. [++++  [(i) m m acc. acc. Phl

30853 f Jdr m ++ + m |++ acc. acc.

30858 b LQ acc. [+++ m + |m |m acc. acc.

30871 f Jdr ++ T 1 m acc. |acc.|m

30999  |f Jdr + acc. + + |+ + m m

31005 f Jdr ++ m + acc. m + m |m |acc. + Pmp (10
vol.%)

31034 f Jdt s.str. [++++  |acc. m m |acc. m Qtz incl. in Jd

31049 f Jdt s.str. [++++ (M acc. m acc. |acc. |acc. acc. m

31074 f Jdt +++ m m acc. m acc. m Anl

++++, vol.% > 90

+++, 75 < vol.% < 90

++, 40 < vol.% < 75

+, 10 <vol.% < 40

m, 1 <vol.% < 10

acc. = accessory amounts

(i) intergrown with jadeite

* b, matrix-quartz-bearing suite; f, matrix-quartz-free suite.

** See Table 1.

Ab, albite; Agt, aegirine-augite; Anl, analcime; Ap, apatite; Bt, biotite; Cal, calcite; Chl, chlorite; Ep/Czo, epidote-supergroup min-
erals; Gln, glaucophane; Grt, garnet; Jd, jadeite; Lws, lawsonite; Omp, omphacite; Pa, paragonite; Phg, phengite; Phl, phlogopite; Pmp,
pumpellyite; Qtz, quartz; Rt, rutile; Ttn, titanite; Zrn, zircon.
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and chlorite. In the case of monomineralic rocks, the overall color is dependent on the composition of the
jadeitic clinopyroxene: The higher the molar amount of the jadeite endmember in clinopyroxene, the more
whitish the color that is observed in hand specimen.

The samples of the matrix-quartz-free suite are mostly fine- to medium-grained and massive (Fig. 2a, b)
but also slightly to strongly foliated (Fig. 2¢, d). Veins filled with albite, calcite, or both are common. Roughly
half of the samples of this suite exhibit roundish to irregular-shaped dark green mineral aggregates (Fig. 2b) that
are mainly composed of epidote-supergroup minerals + chlorite/biotite, chlorite alone, or albite + omphacite
assemblages. So far, only one matrix-quartz-free jadeite rock has been found in contact with a glaucophane-rich
rock (sample 31034, Fig. 2d). Rocks of the matrix-quartz-bearing suite can form concordant layers (jadeitite
s.str., sample 30046, Fig. 2e; jadeite—lawsonite quartzite, sample 30772 (Fig. 2f)) within blueschists or discor-
dant veins (e.g., jadeite—lawsonite quartzite, sample 30101, Fig. 2g) that crosscut the foliation of the blueschist
blocks; isolated blocks of matrix-quartz-bearing samples also exist. Jadeite rocks can appear slightly translucent
when modal amounts of quartz are high (Fig. 2/). The minerals are heterogeneously distributed, and lawsonite,
omphacite/jadeite, and quartz form schlieren and clusters in the discordant jadeite—lawsonite quartzites (Fig. 2g),
whereas the minerals are homogeneously distributed in the concordant jadeitite and jadeite—lawsonite quartzite.

The matrix-quartz-free suite: mineralogy and microscopic rock fabric

Most of the jadeite rocks of the matrix-quartz-free suite are best described as roughly granoblastic
(Fig. 3a, b). If present, the foliation observed in hand specimen and thin section results from partly oriented,
platy crystals (Fig. 3b), homeoblastic layers of jadeitic clinopyroxenes of different grain sizes, and phyllosili-
cates (Fig. 3¢). The frequently observed morphologic features of jadeite include euhedral to subhedral grain
shapes (Fig. 3d), especially when in contact with albite in interstitial spaces (Fig. 3e, f), oscillatory or rhythmic
zonation pattern (Fig. 3f), xenoblastic, inclusion-rich grains and aggregates (Fig. 3g, /), and cloudy, inclusion-
rich cores surrounded by transparent, inclusion-poor rims (Fig. 3d). Albite, analcime, calcite, epidote-super-
group minerals, lawsonite, phengite, and quartz have been observed as inclusions in jadeite so far. Figures 4a—f
show BSE images and X-ray elemental maps of two matrix-quartz-free rocks that contain jadeite exhibiting
minute quartz inclusions. The inclusions are generally small (<5 um) and are in some cases accompanied by
oriented inclusions made of other minerals, for instance, calcite. In samples similar to 30065, there is evidence
for incomplete reaction of jadeite and quartz, resulting in the formation of albite at the interface between jadeite
host and inclusion (Fig. 4b). The inclusion assemblage in the cloudy cores of jadeite in sample 30023 com-
prises albite, lawsonite, white mica, and titanite (Fig. 4g).

Omphacite is a common, both minor or major mineral constituent in jadeite rocks of this suite. Frequent-
ly observed are euhedral to subhedral omphacite overgrowths on jadeite in proximity to albite-filled veins and
interstitial fillings (Figs. 3€, 5a). In some samples, individual omphacite grains form cores embedded in jadei-
tic clinopyroxene (Fig. 5b), or omphacite occurs as very fine-grained and oriented inclusions in jadeite (see
section on mineral chemistry). Albite is anhedral and the dominant phase in interstitial fillings, veins, and len-
ticular mineral aggregates in all rocks of the matrix-quartz-free suite. Phengite is the predominant mica and
present in accessory or minor amounts in most of the jadeite rocks. In rare cases, phengite is the second most
abundant phase after the jadeitic clinopyroxenes (sample 30853). Paragonite has been observed only in two
samples of this suite so far (samples 30823/24). Most biotite (green in thin section under plane-polarized light)
forms dark green mineral aggregates together with zoned and euhedral epidote-supergroup minerals (Fig. 5¢).
The latter also occur finely dispersed in rock matrixes (Fig. 3¢). Chlorite is often observed together with epi-
dote-supergroup minerals, but sometimes chlorite only fills interstitial spaces between jadeite grains (Fig. 5d).
Calcite is present as an important vein-filling phase together with albite, as inclusions in jadeite, and occasion-
ally as euhedral crystals in contact with albite. Additional phases are (in accessory or minor amounts, in alpha-
betical order): analcime, apatite, galena, glaucophane, hematite, lawsonite, pumpellyite, pyrite, rutile, titanite,
and zircon.

The matrix-quartz-bearing suite: mineralogy and microscopic rock fabric

The jadeite of the matrix-quartz-bearing suite exhibits a range of grain shapes; euhedral to subhedral
crystals (Fig. 6a, ¢, d) are observed as well as aggregates of anhedral crystals (Fig. 6b, g). Of note are pris-
matic jadeite crystals that are oriented perpendicular to cracks, indicating fluid-mediated crystal growth (Fig.
6d), as well as jadeite-rich nodules surrounded by omphacite (Fig. 6€); both morphologies are present only in
the discordant jadeite—lawsonite quartzite lithology. Oscillatory or rhythmic zonation patterns in jadeite are less
common in this rock suite. Quartz is the principal phase filling interstitial spaces (Fig. 6a) and the main con-
stituent of the rock matrix (Fig. 6¢, g). Polygonal aggregates of quartz exhibit different degrees of undulatory
extinction. The matrix-quartz-bearing rocks typically contain 10 to 60 vol.% of lathlike lawsonite; poikiloblasts
enclosing minute quartz inclusions are common (Fig. 6¢). Glaucophane, an important accessory and minor
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Fig. 2. Representative hand-specimen photographs of matrix-quartz-free (a—d) and matrix-quartz-bear-
ing (e-h) jadeite rocks (scale bar in a—d and h, 5 ¢cm; in e and g, 10 cm).

a, Greenish white to pale green massive jadeitite with open cracks and cavities; b, grayish green massive jadeitite, roundish dark green
mineral aggregates (chlorite and epidote); ¢, dark green foliated mica-rich jadeitite; d, intense green foliated jadeitite s.str. adjacent to a
chlorite—jadeite blueschist; e, quartz-bearing jadeitite s.str. in contact with jadeite—blueschist country rock; f; outcrop photograph of the
concordant jadeite—lawsonite quartzite (bright layers) alternating with glaucophane- and jadeite-rich layers; g, discordant jadeite—lawson-
ite quartzite exhibiting quartz-, lawsonite-, and jadeite/omphacite-rich mineral clusters; /4, pale green massive jadeite—lawsonite quartzite.
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Fig. 3. Photomicrographs of thin-sections of matrix-quartz-free jadeite rocks (crossed polarizers).

a, Inclusion-poor jadeite grains in granoblastic texture; b, inclusion-rich anhedral, slightly elongated jadeite crystals; ¢, inclusion-rich anhe-
dral jadeite grains with undulatory extinction; @, subhedral jadeite crystals exhibiting inclusion-rich cores (see also Fig. 4g) and transparent
rims; e, euhedral jadeite crystals with omphacite overgrowths enclosed by interstitial albite (see also Fig. 7a); f, subhedral oscillatory-zoned
jadeite grains and interstitial albite; g, anhedral jadeite grains with a multitude of inclusions; /4, anhedral jadeite crystals with variably sized
inclusions (see also Fig. 4f). Ab, Albite; Cal, calcite; Chl, chlorite; Ep/Czo, epidote-supergroup minerals; Jd, jadeite; Lws, lawsonite; Omp,
omphacite; Qtz, quartz; Wmca, white mica.
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Fig. 4. Back-scattered electron (BSE) images (a, b, f, and g) and X-ray element maps (c—€) of mineral in-
clusion assemblies in jadeite.

a—e, Albite encloses quartz inclusions in jadeite; £, albite and quartz inclusions in jadeite; g, various mineral inclusions in cloudy, inclusion-
rich jadeite core. Ttn, Titanite; other mineral abbreviations as in Fig. 3.

phase, shows euhedral to subhedral morphology, for instance, in the glaucophane-rich layers of concordant
jadeite—lawsonite quartzite (sample 30772) and forms fibrous aggregates in the jadeite-rich portions of the same
rock (Fig. 6f). In the jadeite blueschist (sample 30045) hosting the concordant jadeitite (sample 30046), glauco-
phane blasts are surrounded by a fine-grained aggregate of jadeitic clinopyroxenes. Albite is present in these
rocks as a fine-grained replacement product of jadeite (Fig. 6g). Additional phases are (in accessory or minor
amounts, in alphabetical order): apatite, calcite, chlorite, garnet (almandine, anhedral and fragmented), opaque
phases, phengite, rutile, titanite, and rarely zircon.

Mineral chemistry

Figure 7 shows BSE images of jadeite rocks of both suites. The numbered dots indicate the locations of
the respective analyses in Table 4 and in the clinopyroxene triangular diagram shown in Fig. 8. Clinopyroxenes
analyzed in both rock suites belong either to the Na- or Ca—Na pyroxene groups (Morimoto et al., 1988) and
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Fig. 5. Microphotographs of thin-sections of matrix-quartz-free jadeite rocks (crossed polarizers: a—C;
plane-polarized light: d).

a, Omphacite overgrowths on jadeite; b, omphacite cores enclosed in jadeite grains; ¢, euhedral epidote/clinozoisite crystals embedded in
very fine-grained biotite; ¢, euhedral jadeite crystal and interstitial, fine-grained chlorite. Bt, Biotite; other mineral abbreviations as in Fig. 3.

their chemical variations can be expressed in terms of the jadeite (Jd), aegirine (Ae), diopside (Di), and heden-
bergite (Hd) endmembers; Al occupying tetrahedral sites is <0.01 atoms per formula unit (a.p.f.u.). To a first
approximation, jadeitic clinopyroxenes of the matrix-quartz-bearing suite are closer in composition to the jadeite
endmember (up to Jd,, typically Jd,;Ae,Di,Hd, to Jdy,Ae,Di;Hd;) and contain less aegirine component (Ae_,,)
compared to those of the matrix-quartz-free suite (typically Jdg, o5 and Ae_,,). The chemical compositions of
omphacite overgrowths and cores in jadeite (Fig. 7a—c) are typically Jd,, s,Ae;10Diy04sHds . Of note are ori-
ented intergrowths of fine-grained omphacite and jadeite in samples 30823 and 30852 (Fig. 7d, e) as well as the
exceptional occurrence of aegirine—augite-bearing assemblages in sample 30790b (Fig. 7f). In the matrix-
quartz-bearing suite, omphacite is observed almost exclusively in the discordant jadeite—lawsonite quartzite li-
thology, where omphacite rims jadeite-rich nodules (Fig. 74), forms whole nodules, and is sometimes a compo-
nent of rhythmic zoning patterns in clinopyroxenes.

Most variations in the mineral chemistry of white mica can be expressed in terms of the aluminoceladon-
ite, paragonite, and trioctahedral substitutions (Fig. 9). Deviations from exchange vectors of these substitutions
might be due to the incorporation of Fe3*. Most of white mica is phengite (typically 3.2 < Si < 3.7 a.p.fu.);
sodium contents are low (Na < 0.2 a.p.f.u.). Sample 30823 contains two different generations of paragonite (Na
~0.95 and ~0.84 a.p.f.u.). Typical chlorite analyses yielded X,,, values ranging from 0.4 to 0.8. Iron-rich chlo-
rite (X,,, ~0.3, chamosite) was observed in contact with Fe-sulé;de in sample 30108. In addition to the homova-
lent Mg—Fe?* exchange, chlorite chemistry is governed by the Tschermak’s exchange (Fig. 10a). Variations in
the compositions of epidote-supergroup minerals are readily explained by the homovalent Al-Fe?* exchange
linking the clinozoisite/zoisite and epidote endmembers (Fig. 10b). Exceptions are the analyses made in sam-
ple 30769 that show significant contributions of the (La, Ce)-allanite endmember (Fig. 105, inset). Sodium
amphibole is glaucophane or ferro-glaucophane (typically 0.4 <X,, < 0.8, Fig. 11).

Whole-rock geochemistry

Figure 12 illustrates the most notable differences between the matrix-quartz-free and -bearing rock suites
in terms of major-element geochemistry. The matrix-quartz-free rocks generally possess lower SiO, and higher
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Fig. 6. Microphotographs of thin-sections of matrix-quartz-bearing jadeite rocks (crossed polarizers: a—c,
e, g; plane-polarized light: d, f, h).

a, Subhedral jadeite crystals and interstitial quartz; b, anhedral jadeite grains and deformed lawsonite blasts; ¢, subhedral to anhedral
jadeite and lawsonite grains; d, inclusion-rich subhedral jadeite columns radiating from a small fissure; e, jadeite nodules surrounded by

omphacite rim; f, intergrowth of transparent jadeite and glaucophane; g, jadeite grains rimmed by fine-grained albite in quartz matrix; 4,
xenoblastic garnet. Gln, Glaucophane; Grt, garnet; other mineral abbreviations as in Fig. 3.
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Fig. 7. Back-scattered electron images of clinopyroxenes in matrix-quartz-free (a—f) and matrix-quartz-
bearing (g, h) jadeite rocks.

a, b, Omphacite overgrowth on jadeite; ¢, omphacite core in jadeite grains; d, intergrowth of jadeite, omphacite, and albite; e, hourglasslike
distribution of omphacite inclusions in jadeite crystal; f; rare aegirine-augite; g, jadeite and interstitial quartz; %, jadeite nodule rimmed by
omphacite. For analyses see Fig. 8 and Table 4. Agt, Aegirine-augite; Ttn, titanite; other mineral abbreviations as in Fig. 3.
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Table 4. Chemistry of clinopyroxene

Num- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ber*

Sample (31034 |31034 (31034 |31074 {31074 (3082330823 [30852 (30852 (30852 |30790b|30790b {30046 |30046 |30101 {30101
Rock |f f f f f f f f f f f f b b b b
suite**

Abbrev. |Jdt. Jdt. Jdt. Jdt Jdt Jdt Jdt Jdt. Jdt. Jdt. Jdr Jdr Jdt. Jdt. dJLQ [dILQ
rock S.Str. S.str. S.Str. S.Str. S.Str. S.Str. S.Str. S.Str.

type*>**

SiO, 58.54 |59.45 |56.55 |58.17 |55.31 [57.63 [55.99 [59.18 [58.54 [56.52 |53.02 |53.61 |[57.96 [58.45 |59.31 |55.40
TiO, 0.24 |0.15 0.26 [0.15 [0.06 |0.05 |0.13 [0.22 |0.07 ]0.09 |0.32 |0.21 [0.04 |0.02 |0.04 [0.01
ALO; 120.29 [23.86 [10.47 (21.60 [10.79 [20.20 ({14.57 |21.28 |19.37 [12.11 (2.94 [2.75 23.54 |25.61 |25.44 |9.48
Cr,0, |bdl [0.02 [bdl [bdl [bdl |bdl [bdl [0.06 [bdl [bdl ([bdl (006 [bdl [bdl [b.dl [0.02
FeO 289 096 (3.34 [1.93 |5.69 |[3.29 |5.10 [2.02 (472 |6.38 |15.55 |15.47 [0.37 |0.02 |0.00 |7.15
MgO 235 |093 |886 [1.68 |6.82 |1.45 |434 (191 ([1.95 |[5.93 7.03 [7.44 1.15 0.01 [0.01 ([6.97
MnO |0.05 ([0.00 [0.13 [0.03 |0.21 [0.00 [0.13 |0.10 [0.06 [0.35 [0.12 [0.28 |0.06 [0.05 |0.01 |0.33
CaO 332 |1.68 13.20 [2.46 [12.87 |2.38 |7.64 |2.81 |3.25 10.10 (12.72 |14.36 |1.88 |0.10 [0.07 [13.16
Na,O 13.11 |14.05 |[7.40 [13.52 (7.14 |13.59 {10.10 |13.61 |13.10 |8.81 6.81 5.90 13.90 |15.07 (15.27 |7.02
K,0 b.dl |0.03 [b.dl |bdl |0.02 [0.02 |b.dl |[bdl [0.02 [bdl [0.04 [bdl [|bdl |bdl |bdl |[bdl
Sum 100.81|101.13 {100.21 {99.53 [98.91 |98.61 [98.01 |101.21|101.10 [100.30 [98.56 |[100.12 |98.91 [99.35 |100.17|99.62
FeO ., (091 [0.96 0.70 |0.85 |4.17 [0.23 |2.51 |0.74 |1.55 |2.93 |3.04 [4.93 |0.34 [0.00 |0.00 |4.03
Fe,05 221 |- 294 (120 (1.69 [3.41 |[2.88 |1.43 |3.52 |3.84 13.90 [11.71 (0.03 [0.02 |- 3.47
Yo 101.03|101.13 |100.50 {99.65 [99.08 |98.95 |98.30 (101.35/101.45 |100.69 {99.96 |101.29 (98.91 [99.35 |100.17(99.91
Si 1.99 |2.00 |[1.99 [1.99 |2.00 (2.00 |2.00 [2.00 (2.00 |2.00 [1.98 |1.98 [1.99 |1.98 |1.99 |2.00
Al 0.01 ]0.00 |0.01 |0.01 ]0.00 {0.00 {0.00 [0.00 [0.00 [0.00 ]0.02 [0.02 0.01 (0.02 ]0.01 ]0.00
YT 2.00 |2.00 [2.00 |2.00 |2.00 [2.00 |2.00 [2.00 (2.00 [2.00 |2.00 [2.00 [2.00 [2.00 |2.00 |2.00
Al 0.80 [0.94 042 [0.87 [0.46 |0.82 |0.61 [0.84 |0.78 |0.50 |0.11 |0.10 [0.94 [1.00 [1.00 [0.40
Fe3* 0.06 |- 0.08 (0.03 (0.05 [0.09 (0.08 |0.04 |0.09 |0.10 [0.39 ]0.33 0.00 ]0.00 |- 0.09
Ti 0.01 |0.00 ]0.01 [0.00 [0.00 |0.00 |0.00 [0.01 |0.00 [0.00 [0.01 |0.01 [0.00 [0.00 [0.00 [0.00
Mg 0.12 |0.05 (0.46 [0.09 (0.37 |0.08 [0.23 |0.10 |0.10 |0.31 0.39 [0.41 0.06 10.00 [0.00 [0.37
Fe?* 0.01 ]0.01 0.02 [0.01 [0.13 |0.01 |0.07 |0.02 |0.03 |0.08 0.09 |0.15 0.00 |0.00 ]0.00 |0.12
> 1.00 |1.00 (0.99 |1.00 |1.00 |1.00 |1.00 {1.00 (1.00 |1.00 |0.99 |1.00 [1.00 |1.00 |1.00 {0.99
Mg 0.00 |0.00 {0.00 [0.00 (0.00 {0.00 {0.00 |0.00 |0.00 |[0.00 {0.00 ]0.00 0.00 10.00 [0.00 (0.00
Fe?* 0.01 |0.02 ]0.00 [0.01 [0.00 |0.00 |0.00 (0.00 |0.01 |0.00 [0.00 |0.00 (0.0l [0.00 [0.00 [0.00
Ca 0.12 ]0.06 ]0.50 |0.09 |0.50 [0.09 (0.29 |0.10 |(0.12 [0.38 0.51 |0.57 0.07 |0.00 [0.00 |0.51
Na 0.86 10.92 ]0.50 |0.90 |0.50 [0.91 (0.70 |0.89 |0.87 [0.60 |0.49 [0.42 0.92 0.99 1.00 (0.49
Yz 1.00 |1.00 |[1.00 |1.00 |1.00 |[1.00 ]0.99 (1.00 ([1.00 |0.99 |1.00 |0.99 [1.00 |0.99 |1.00 |1.00
Jd 80.8 [91.6 |42.6 |86.7 |454 |[82.5 |62.2 |85.4 |77.6 |50.1 10.6 [10.1 922 199.0 [99.5 ([39.7
(mol.%)

Ae 5.7 0.0 7.8 3.1 46 |89 |78 3.7 9.0 10.2 38.6 |32.2 0.1 0.0 0.0 9.4
Di 11.1 |53 475 |79 372 |79 (226 |9.0 |92 31.0 |40.8 |42.1 [6.6 1.0 0.5 384
Hed 2.4 3.1 2.1 2.3 12.8 (0.7 |7.3 1.9 4.1 8.6 9.9 15.6 1.1 0.0 0.0 12.5

* See Fig. 7 for location of analyses.
** b, matrix-quartz-bearing suite; f, matrix-quartz-free suite.
*** See Table 1.
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q |Rock suites Fig. 8. Ternary diagram after Morimoto et al. (1988)
® Matrix-quartz-free of the clinopyroxene analyses presented in Fig. 7 and
<{> Matrix-quartz-bearing  Table 4.

Contours show the density distribution of all the clinopyroxene analy-
ses from the samples of this study; darker shading represents higher
numbers of analyses with this particular composition. Jd, Jadeite; Q,
calcium—iron—magnesium pyroxenes (Quad); Ae, aegirine.

MgO contents (46 < SiO, < 61 wt.%; MgO up to 6 wt.%)
when compared to the matrix-quartz-bearing rocks (60 <
Si0, <75 wt.%; MgO < 1.5 wt.%). The Al,O,, CaO, and
Fe,O5y,, contents of both rock suites are usually below 24,
9, and 7 wt.%, respectively (Table 5). In general, the jade-
Ae ite rocks have low MnO (<0.1 wt.%) and moderately high

TiO, (<1 wt.%) contents. The matrix-quartz-free jadeite
rocks can further be subdivided into two chemical subgroups: group I, comprising jadeitite s.str. and albite-rich
jadeite rocks with low modal amounts of omphacite, chlorite, and epidote-supergroup minerals, show high Na,O
(<10 wt.%) and low MgO contents (<3 wt.%); group II, comprising chlorite- and epidote-supergroup-bearing
jadeite rocks, as well as omphacite-rich rocks, is characterized by lower Na,O contents and higher concentrations
of MgO, CaO, Fe,O,;,, MnO, and TiO,,.

Trace-element analyses of rocks from both suites show that Rb and Ba concentrations correlate with K,O
contents, indicating the presence of white mica in these rocks. Zirconium contents are highest in SiO,-poor rocks
(up to 300 ppm); the lowest Zr content is found in one of the discordant jadeite—lawsonite quartzites (<2 ppm,
sample 30105). The overall REE content is inversely correlated with SiO, and positively correlated with Fe,O,,,

a b
1.0 1 1 1
1 '0 1 1 1
= .
4= =
= —
“ 3
& + 7
£ %
+
2 >
= =
s
0.2 ~ |Rock suites L
lg) - & > Matrix-gtz-bearing
@’ @® Matrix-gtz-free
0-0 -r o T T T 1 0-0 T T T
3.0 3.2 34 3.6 3.8 1.2 14 16 1.8
Si, a.p.f.u. VAl a.p.f.u.
c
1 ‘0 _é ] 1 1
o)
0.9 4 B
%
5 0.8 é -
o
© - =
g 0.24 -
z %
0.1 (%.’(ﬂéz i Fig. 9. Compositional variations in white mica of
.'é_g{ -?.Q“a:.?(‘s jadeite rocks from both rock suites.
AL AT P
0.0+ e W{M. a, b, Variation diagrams illustrating the aluminoceladonite sub-
T

3.0 3.2 3’ 4 3‘6 38 stitution; ¢, plot illustrating the paragonite substitution. a.p.f.u.,

Si, apfu. Atoms per formula unit.
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Mg + Fe?* + Mn?*, a.p.f.u.
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Fig. 10. Compositional variations in (a) chlorite and (b) epidote-supergroup minerals of jadeite rocks from
both rock suites. a.p.f.u., Atoms per formula unit.
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Fig. 11. Compositional variations in glaucophane of jadeite rocks from both rock suites. Amphibole clas-
sification of Hawthorne et al. (2012). a.p.f.u., Atoms per formula unit.
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Fig. 12. Variation diagrams of Na,O, SiO,, and MgO for the matrix-quartz-free and -bearing samples of this
study. Isocon analysis (Fig. 14) was performed on the labeled samples. Two chemical groups are outlined.
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Rock suites : Si Fig. 13. Triangular plots showing the molar propor-
@® Matrix-quartz-free 30101, 30105, . . .
O Matrixquarts-bearing| 30772, 30756 tions -of Na, Si, and-Al for matljlx-quartz-free and
- 30858 -bearing samples. Diagram modified after Coleman
Mol proportions s 1961
30065, 30066 ( )-

30071, 30765
30766, 30790b
31049

and Zr concentrations. Jadeite rocks with elevated con-
centrations of P,O; also tend to possess higher overall
REE contents, pointing to apatite-group minerals as the

30046 :
SHE0Y dominant REE host mineral in these samples.
T X\ ) Figure 13 shows a triangular diagram similar to
31““*“*—2&5 that developed by Coleman (1961) to illustrate the
0z— g @ chemical variations in the Clear Creek jadeitites. The
“““““““““““““ g2 50 Al plotted molar proportions of Na, Si, and Al can, in prin-

ciple, be used to estimate the (molar) abundances of
jadeite, albite, and quartz in jadeite rocks. However,
even for an almost pure jadeitite s.str. (e.g., sample 31034), this chemography indicates a high relative molar
abundance of albite to jadeite (albite:jadeite ~ 40:60), which might be due to the omphacite component of the
jadeitic clinopyroxene that is left unconsidered in this graphical representation of the whole-rock geochemistry.
As pointed out by Coleman (1961), jadeite rocks should have Na/Al = 1, which is consistent with analyses of
most jadeitites of this study but not with group-II jadeite rocks of the matrix-quartz-free suite (e.g., samples
30824 and 30846) and lawsonite-rich samples from the matrix-quartz-bearing rock suite (e.g., sample 30804).

DISCUSSION

The majority of jadeitites worldwide are interpreted to be of P-type origin; i.e., they are expected to have
formed by direct crystallization from a high-pressure fluid, a conclusion based mainly on a combination of three
arguments (Harlow et al., 2014). First, the replacement of an igneous protolith, whether felsic or mafic, would
involve a prohibitively complex mass transfer between metasomatizing fluid and the protolith. Second, with a
few exceptions, relict igneous textures are generally not found in jadeitites, and potential precursor rocks unaf-
fected by metasomatism are usually not documented in the block inventory of serpentinite-matrix mélanges.
Third, there is abundant evidence for the presence of fluids during jadeitite genesis, as attested to, for instance,
by rhythmical or oscillatory zoning patterns typical of open-system crystallization and fluid inclusions in jade-
ite. The discordant matrix-quartz-bearing veins found in some blueschists with their crack-seal characteristics
must clearly be P-type. For other samples, the evidence must be critically evaluated. Previous studies in the
RSJC (Hertwig, 2014; Hertwig et al., 2016) led to the view that plagiogranite might represent a logical precur-
sor rock type for the RSJC jadeite-rich rocks, suggesting that they are R-type. In the following, we will there-
fore briefly consider the most important features of oceanic plagiogranites and then explore in more detail the
possibility that certain jadeite rocks from the RSJC might have formed by metasomatic replacement of an igne-
ous precursor rock by separately addressing each of the three above-mentioned arguments.

QOceanic plagiogranites and their connection with jadeite—lawsonite quartzites,
jadeite quartzites, and lawsonite quartzites

In a metasomatic-replacement (R-type) scenario, a plausible precursor rock for jadeitites is oceanic pla-
giogranite, a term proposed for a “plutonic rock consisting of oligoclase or andesine, quartz and less than 10%
of biotite and hornblende. May be used as a synonym for trondhjemite and leucocratic tonalite [...]” (Recom-
mendation of the [UGS Subcommission on the Systematics of Igneous Rocks (Le Maitre, 2002, p. 130)). Ini-
tially recognized in ophiolite complexes worldwide (Coleman, 1977; Koepke et al., 2004, 2007, for a list of oc-
currences), plagiogranites, or “felsic veins,” have also been described in modern oceanic lithosphere (Aldiss,
1981; Niu et al., 2002; Schwartz et al., 2010), where they range from small veinlets to meter-sized dikes and
veins and irregular-shaped bodies (Koepke et al., 2007). In detail, this suite of leucocratic rocks can be highly
variable and include diorite as well as tonalite and trondhjemite. These rocks occur in “small, but ubiquitous
[amounts]” in the gabbroic section of the crust (Koepke et al., 2004). Therefore, in principle, oceanic plagiogran-
ites are available to serve as precursor rocks for jadeitites. Furthermore, high-pressure analogs of oceanic plagio-
granites that escaped metasomatism are an expected, though minor, component of the block inventory of serpen-
tinite-matrix mélanges.
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Table 6.

Plagiogranite compositions used for isocon analysis in Fig. 14

wt.% Plagiogranite of compo- [Newfoundland, plutonic, MAR, subvolcanic, MOR  |Chile, plutonic,
sition 30772 JLQ SSZ-O (Aumento, 1969) SSZ-O0
(Malpas, 1979) (Saunders et al., 1979)

Sio, 71.75 60.25 61.97 65.51

TiO, 0.12 0.54 0.94 0.81

ALO, 14.04 18.05 16.00 13.64

Fe, 0510 1.24 2.75 7.19 6.55

CaO 3.34 5.71 3.24 6.28

MgO 0.46 1.49 243 1.46

MnO 0.03 0.03 0.09 0.11

K,0 0.18 0.05 0.75 0.67

Na,O 5.56 8.26 5.55 1.99

P,0; b.d.l. 0.17 0.22 0.17

Sum 96.72 97.30 98.38 97.19

Thermodynamic calculations demonstrate that an oceanic plagiogranite of trondhjemitic to tonalitic
whole-rock chemistry should be transformed into a jadeite- and lawsonite-rich quartzite when subjected to
blueschist-facies metamorphic conditions during subduction (Hertwig, 2014). The normative amounts of albite
and anorthite in the protolith govern the proportions of jadeite and lawsonite in the metamorphic rock. Based
on CIPW-normative mineral abundances and the classification diagram for plutonic rocks of O’Connor (1965),
trondhjemites and tonalites are potential igneous protoliths for samples 30772(b), 30799, 30804, and 30858 of
the matrix-quartz-bearing rock suite. For example, the concordant jadeite—lawsonite quartzite layers of sample
30772 (Fig. 2f) possess (in mol.%) normative quartz (32), albite (47), anorthite (13), orthoclase (1), and diop-
side (2); the protolith of these layers would be trondhjemitic in composition and would transform isochemi-
cally into a jadeite—lawsonite quartzite at P > ~1-1.2 GPa and 7> ~350 °C (Hertwig, 2014). Therefore, based
on similarities in whole-rock, major-element compositions, we suggest that jadeite—lawsonite quartzites (disre-
garding here the P-type discordant varieties), jadeite quartzites, and lawsonite quartzites from the RSJC are
products of an isochemical HP/LT metamorphic overprint of oceanic plagiogranites. This might represent one
endmember scenario of the R-type genesis of jadeite rocks.

Mass transfer during metasomatic replacement of oceanic plagiogranite: isocon analysis

While oceanic plagiogranites are the logical choice as protoliths of most jadeite—lawsonite quartzites,
there is no igneous or sedimentary rock that possesses the whole-rock, major-element composition of the virtu-
ally monomineralic jadeitites. By comparing the chemical compositions of a selection of jadeitites with those
of possible igneous and sedimentary protoliths, Harlow (1994) showed that, in general, a relatively strong en-
richment in Na,O and Al,O, and loss of predominantly SiO, are necessary to obtain the chemical composition
of the jadeitites from those of the assumed precursor rocks. For instance, in the particular example of jadeitite
TD-1 (Guatemala (Silva, 1970)) and plagiogranite OM-32 (trondhjemitic oceanic plagiogranite, Semail ophio-
lite, Oman (Coleman and Donato, 1979)), Na,O and Al,O, show relative increases by a factor of 2.4 and 1.7,
respectively, and a decrease by a factor of 0.85 in SiO,. In addition, there is a loss of FeO;, and CaO and an
increase in the MgO content (Harlow, 1994). These modifications seem to imply an almost prohibitively com-
plex mass balance that needs to be satisfied to metasomatically replace a typical plagiogranite by a jadeitite
(Harlow, 1994; Harlow et al., 2014).

We can explore this argument more precisely by investigating the mass balance involved in the formation
of the widely acknowledged R-type jadeitite from the Monviso metaophiolite, Western Alps (Compagnoni et
al., 2012). The Monviso jadeitite forms the rim around a core of quartz—jadeite rock, with the latter possessing
the whole-rock, major- and trace-element compositions of plagiogranites exposed at other locations in the Mon-
viso ophiolite. This relationship strongly indicates that an (oceanic) plagiogranite is the protolith for the quartz—
jadeite rock (Compagnoni et al., 2012); the jadeitite rim is then the product of the metasomatic replacement of
the original plagiogranite or the quartz—jadeite rock itself. As protolith and metasomatic rind are part of the
same tectonic block, there is no ambiguity in matching precursor rock and jadeitite, making it a worthwhile
exercise to further explore the mass transfer related to the genesis of this particular jadeitite.

Judging from the whole-rock geochemical data on the jadeitite and quartz—jadeite rock (Compagnoni et
al., 2012), Na,O and Al,O, are enriched by a factor of 1.6 and 1.5, respectively, whereas SiO, decreased by a

639



Plagiogranite (composition of sample 30772 JLQ) Newfoundland (plutonic, SSZ-0)
(K0! b (K,0:
5 | | | +3.24q) 5 - | L. +434q)

-35 -

30023 | 30046 | 30065 | 30824 | 30852 | 30853 | 31034 | 31049 30023 | 30046 | 30065 | 30824 | 30852 | 30853 | 31034 | 31049

MAR (subvolcanic, MOR) Chile (plutonic, SSZ-O)

¢ o o d oo
ol M I _n
F L [ |

Loss/Gain in g relative to 100g plagiogranite

F;;)I—IAHITED

30023 | 30046 | 30085 | 30824 | 30852 | 30853 | 31034 | 31049

=20 —
25 4

-30

-35 -

40 -
-45

30023 | 30046 | 30065 | 30824 | 30852 | 30853 | 31034 | 31049

Fig. 14. Bar diagrams illustrating the results of isocon analysis. Negative values indicate that mass was lost
during metasomatism, while positive values indicate mass gains.

The order of oxides in the legend and in the bar charts (seen from left to right) is the same. For detailed values see Appendix EA3; for
plagiogranite compositions and references see Table 6.

factor of 0.8 during jadeitite genesis. These changes in major-element contents are broadly comparable to the
values given by Harlow (1994) for the potential metasomatic formation of the TD-1 jadeitite. However, for
estimating the actual amount of mass that had to be transferred to produce the Monviso jadeitite, these factor
values are of limited significance; at the same time, the so-called isocon analysis, made known to the broader
scientific community by Grant (1986, 2005), allows the mass transfer during metasomatism to be quantitatively
investigated. An excellent application to jadeitite was presented by Shigeno et al. (2012). By choosing species
(oxides) that are assumed to be immobile during metasomatism, it is possible to calculate the mass that is lost
from or gained by the protolith during the process. To simplify analysis, we choose Al,O, to be the immobile
component that completely remains in its original location (i.e., in the protolith). Assuming 100 g quartz—jade-
ite rock, isocon analysis shows that 36 g of the original 75 g SiO, was removed from the protolith; only 0.6 g
Na,O had to be added to the 7.7 g Na,O already present there. This gain in Na,O is smaller than the gain in
Fe,O57,» MgO, and CaO (2.2, 1.4, and 1.9 g, respectively) (see Appendix EA2 for detailed calculation). Note
that because of the significant loss of SiO,, Al,O, was passively enriched (12.4 wt.% in protolith vs. 18.1 wt.%
in jadeitite), despite being completely immobile during the process. The slight mismatch in the contents of
oxides, including Fe,O,,,, MgO, CaO, and Na,O, can be explained either by a “true” mass gain from the meta-
somatizing fluid or by a not completely representative sampling of the rim and core of the tectonic block. These
calculations strongly support the R-type nature of the Monviso jadeitite, as originally proposed by Compagnoni
et al. (2012), and demonstrate that simple desilication of an oceanic plagiogranite (or its isochemical metamor-
phic equivalent) can be responsible for the formation of R-type jadeitites. The above analysis of the Monviso
example shows that an “unrealistically complex” chemical exchange is not a prerequisite for the formation of
an R-type jadeitite.

640



Mass transfer during metasomatic replacement of oceanic plagiogranite: application
of isocon analysis to jadeite rocks of the RSJC

Isocon analysis will now be applied to jadeitites and related rocks from the RSJC to investigate a possible
R-type origin. Although in contrast to the Monviso jadeitite there are no direct links between the RSJC jadeite
rocks and their potential protoliths, the following systematic approach offers some useful estimates for the nec-
essary mass transfer to be expected during metasomatism. Since several samples of the matrix-quartz-bearing
suite had already been identified as representing isochemical metamorphic equivalents of oceanic plagiogran-
ites (see section 6.1), the composition of the concordant jadeite—lawsonite quartzite (sample 30772) was taken
to be that of a potential protolith. Furthermore, the chemical compositions of oceanic plagiogranites from New-
foundland (suprasubduction-zone ophiolite, SSZ-O (Malpas, 1979)), the Mid-Atlantic Ridge (MOR (Aumento,
1969)), and Chile (SSZ-O (Saunders et al., 1979)) from the compilation of Koepke et al. (2004) were used as
those of potential protoliths. Among these four protoliths, sample 30772 is the most SiO,-rich (72 wt.%),
whereas the oceanic plagiogranite from Newfoundland possesses the lowest SiO, (60 wt.%) in combination
with the highest Na,O (8 wt.%) contents; the oceanic plagiogranite from the Mid-Atlantic Ridge possesses in-
termediate SiO, (62 wt.%) and Na,O (6 wt.%) contents, and the one from Chile shows the lowest Na,O (2 wt.%)
contents. These four hypothetical protoliths represent a useful range of Fe,O,, MgO, and CaO contents (Ta-
ble 6). Next, isocon analysis will be performed on eight jadeite rocks from the present study. Six of them are
from the chemical group I (Na,O-rich; samples 30023, 30046, 30065, 30852, 31034, and 31049, see Fig. 12a),
and two belong to group II (Na,O-poor; samples 30824 and 30853). Only sample 30046, the concordant jadei-
tite, is from the matrix-quartz-bearing suite.

Figure 14 shows the calculated gains and losses of the oxides SiO,, Fe,O,,,, CaO, MgO, and Na,O in g
per 100 g protolith associated with the assumed metasomatic replacement of the four protolith compositions by
their respective jadeite rocks (see Appendix EA3 for detailed values). For example, to alter a protolith with the
composition of sample 30772 so as to attain the chemical composition of sample 30046 (Fig. 14a), SiO, (abso-
lute loss or gain, mass in protolith; —22.3 g and 71.8 g), Fe,O;, (0.6 g and 1.2 g), and CaO (2.3 gand 3.3 g)
have to be removed from the protolith (100 g), whereas MgO (+0.3 g and 0.5 g) and Na,O (+2.8 g and 5.6 g)
have to be added to the protolith. For this protolith composition, the calculated loss of SiO, may reach —41.3 g
(sample 30824). The necessary gain in Na,O ranges from +1.4 (sample 31049) to +3.5 g (sample 30852); re-
placement by samples 30824 and 30853 necessitates Na,O loss (0.9 g and —0.8 g, respectively). Note that both
these and the following comparisons assume Al,O, to be completely immobile. Despite being considerably less
SiO,-rich and more Na,O-rich than sample 30772 (Table 6), the Newfoundland plagiogranite (Fig. 145) would
require similar amounts of Na,O loss or gain (+2.3 g to +3.3 g and ~2.3 g). SiO, would need to be added
(+2.5 g) to replace the Newfoundland plagiogranite by the concordant jadeitite. In the case of the plagiogranites
from the Mid-Atlantic Ridge (Fig. 14c) and Chile (Fig. 14d), successively higher amounts of Na,O would need
to be gained by the protolith during metasomatism (up to +4.7 g and up to +6.8 g, respectively).

The simplest conceivable metasomatic process that would transform a felsic protolith into an SiO,-under-
saturated rock, such as a jadeitite, necessarily involves desilication of the precursor; hence, pure desilication is
treated here as the optimal, i.e., least complex process. This means that only small amounts of the other oxides
are allowed to be gained or lost during metasomatism. To judge whether the calculated mass gains or losses
satisfy this condition, it is helpful to examine once again the results from the Monviso jadeitite (Compagnoni et
al., 2012), since it represents the best-case scenario in this context. For the formation of this widely recognized
R-type jadeitite, +2.2, +1.4, and +1.9 g Fe, 04, MgO, and CaO, respectively, had to be nominally “added” to
the protolith (see Appendix EA2). Therefore, we consider mass gains or losses in these oxides in the range of
~+£3 g per 100 g protolith as acceptable and realistic. Only a minor amount of Na,O (+0.6 g) was gained during
metasomatism, making it more difficult to define an upper limit for the accepted amount of Na,O increase.
Based on these considerations and results of the isocon analysis, we conclude that sample 30772 is an appropri-
ate protolith for samples 31049 and 30824; the Newfoundland plagiogranite pairs well with sample 31049; the
Mid-Atlantic Ridge plagiogranite, with samples 30824 and 30853. Therefore, jadeite rocks of the chemical
group II (samples 30824 and 30853), as well as the least Na,O-rich jadeitite (sample 31049), can be readily
obtained by metasomatic replacement of plausible oceanic plagiogranites by straightforward desilication, a
process that seems realistic in a serpentinite-rich environment. If changes in Na,O of up to ~+3 g per 100 g
protolith are allowed, sample 30772, as well as the Newfoundland plagiogranite, could serve as suitable precur-
sor rocks for most of the jadeitites and jadeite rocks considered in this study.

The problem of missing relict textures in jadeitites—zircon as a potential igneous relict mineral

No relics of igneous plagioclase or pyroxene have been observed in jadeite rocks from the RSJC so far.
With the exception of the Monviso jadeitite, the lack of igneous relict textures and minerals is a general feature
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of jadeitites and poses a serious problem for models that invoke metasomatism as the dominant mode of forma-
tion (Harlow et al., 2014). Zircon, a common accessory mineral in jadeitites, can withstand high-grade meta-
morphism or anatexis and be of igneous, hydrothermal, and metamorphic origin (Valley, 2003; Harley and
Kelly, 2007; Page et al., 2007; Rubatto and Hermann, 2007; Fu et al., 2012). Due to its high resistance in high-
T and -P environments, zircon represents a potential relict mineral that can be inherited from precursor rocks,
such as oceanic plagiogranites. However, zircon in jadeitites might also have crystallized coevally with the
jadeite from a fluid (or hydrous melt) or represent (igneous) xenocrysts assimilated from a wall rock or carried
by the fluid to the location of jadeitite genesis. A number of studies have demonstrated that it is possible to
distinguish igneous from hydrothermal (and metamorphic) zircon by analyzing their REE and trace-element
(Schaltegger et al., 1999; Rubatto, 2002; Hoskin and Schaltegger, 2003; Hoskin, 2005; Geisler et al., 2007;
Rubatto and Hermann, 2007; Mattinson et al., 2009; McClelland et al., 2009) as well as oxygen isotope com-
positions (Valley et al., 2003; Page et al., 2007). Furthermore, abundant fluid inclusions (H,O + CH,) suggest
a hydrothermal origin for the respective zircon domains (Tsujimori, 2017). However, the classification of zircon
as either igneous or hydrothermal must be performed on a case-by-case basis, since there are no universally
valid methods available for discriminating between them (Harley and Kelly, 2007).

The problems involved in unequivocally differentiating igneous from hydrothermal zircon have led to
different interpretations regarding the origin of zircon in jadeitites. For example, a hydrothermal origin was
proposed in Tsujimori et al. (2005); Brocker and Keasling (2006); Qiu et al. (2009); Céardenas-Parraga et al.
(2012); Schertl et al. (2012); Flores et al. (2013), whereas an igneous origin for at least a fraction of the ana-
lyzed zircon was advocated in Shi et al. (2008); Fu et al. (2010, 2012); Mori et al. (2011); Yui et al. (2012,
2013); Hertwig et al. (2016); Meng et al. (2016). The presence of exclusively hydrothermal zircon populations
has generally been taken as strong evidence for a P-type origin of the respective jadeitites, whereas igneous
zircon cores in zoned crystals have been interpreted in different ways: either as xenocrysts originating from
reworked subducted crust and deposited by the jadeitite-forming fluid (e.g., the Syum-Keu complex, Polar
Urals (Meng et al., 2016)) or as relict crystals inherited directly from a recrystallized igneous protolith (RSJC)
(Hertwig, 2014; Hertwig et al., 2016).

Zircon has also been studied in detail from a suite of samples from the RSJC jadeite rocks (Hertwig,
2014; Hertwig et al., 2016). Zircon was separated from two albite-bearing jadeite rocks (samples 30790b and
30824) as well as from the concordant jadeitite (sample 30046) and its jadeite—blueschist country rock (sample
30045). All of these rocks contain igneous zircon of similar age (ca. 117-113 Ma), interpreted to be inherited
from magmatic protoliths. In the case of zircon from the concordant jadeitite, younger (ca. 78 Ma) zircon do-
mains of hydrothermal origin were identified, and their origin was tentatively linked to the jadeitite-forming
event (Hertwig et al., 2016). Furthermore, in an earlier study on zircon from an individual jadeitite from the
RSJC (sample 30071 in Schertl et al. (2012)), zircon cores with ages of ~115 Ma were found and originally
interpreted to be of hydrothermal origin; however, REE patterns and trace-element characteristics obtained
subsequently also lend credence to an igneous origin of this zircon. In summary, four different jadeite rocks
from various sampling locations within the RSJC possess igneous zircon of roughly similar age. While it cannot
be ruled out that all of the zircon grains from all four jadeite rocks were deposited by the jadeite-forming fluid,
this conclusion seems fortuitous, and the most straightforward explanation for the RSJC is clearly that zircon
was inherited from a precursor igneous protolith. To clarify discussions on the significance of igneous zircon in
other occurrences, we suggest that additional accessory minerals commonly found in jadeitites and other mé-
lange rocks, such as rutile, titanite, monazite, and apatite, should be studied. For instance, in situ U-Pb age
dating of titanite and rutile could provide additional constraints on the timing of jadeitite formation or, alterna-
tively, on the timing of magmatic growth. Comparison with zircon ages would provide information on their
origin and help to decide whether zircon truly represents one of the rare igneous relict phases in jadeitites.

In addition, the impact and potential significance of mineral-inclusion studies in zircon and other acces-
sory minerals, such as titanite and rutile, which can represent rigid time capsules preserving early rock histories,
has been documented by Schertl and Schreyer (1996), Liu and Liou (2011) and Schertl et al. (2019). Neverthe-
less, careful scrutiny of zircon domains with methods, such as cathodoluminescence microscopy, is important
to correctly relate potential magmatic or metamorphic mineral inclusions to the respective host zircon ages and
to distinguish so-called pseudoinclusions from primary inclusions. For instance, during jadeitite formation,
omphacite and jadeite can crystallize in small fissures and voids within (inherited) igneous zircon. If mistaken
for primary inclusions, these pseudoinclusions can lead to the erroneous interpretation that zircon had crystal-
lized at the same time as jadeite during the jadeitite-forming event (Schertl et al., 2019).

The problem of missing relict textures in jadeitites—quartz inclusions in jadeite crystals

In jadeite rocks from the RSJC, quartz inclusions were identified by electron microscopy in the matrix-
quartz-free samples 30065 (jadeitite, Figs. 4a—e, Sa, 7b), 30769 (albite-rich phengite—jadeite rock, Fig. 3g), and
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30790b (albite—jadeite rock, Figs. 34, 4f). Furthermore, quartz inclusions in jadeite were discovered by Raman
spectroscopy in samples 26322 (jadeitite s.str.) and 31034 (jadeitite s.str., Fig. 3e) as an unexpected outcome
of the comprehensive fluid inclusion study by Kawamoto et al. (2018). Owing to their very small size (~5 um),
such quartz inclusions are easily overlooked in conventional studies, suggesting further yet-to-be-identified
cases among the RSJC samples. Quartz inclusions have also been found in the cores of jadeite grains from, for
instance, the Mie and Tone jadeitites (Japan) and were interpreted by the authors to represent products of the
breakdown of albite during prograde jadeitite genesis (Shigeno et al., 2005, 2012). Note that Zhang et al. (2014)
have recently studied the prograde development of jadeite from albite starting material experimentally. Their
experiments yielded very similarly textured jadeite grains with cloudy cores containing minute quartz inclu-
sions. Therefore, these quartz inclusions in the RSJC samples may well represent indirect evidence for former,
now-replaced igneous plagioclase and the existence of a precursor rock. Nevertheless, Harlow et al. (2014) also
argue that such jadeite crystals might have formed from silica-saturated fluids or that jadeitite-forming fluids
“enveloped and invaded” (Harlow et al., 2014) overprinted plagiogranites in which igneous plagioclase had
already reacted to jadeite and quartz. In the latter case, the distinction between R- and P-type jadeitite might be
merely a matter of the dimensions of a sample and from where within a tectonic block it was taken.

Most jadeitites are albite-bearing and silica-undersaturated rocks (Harlow et al., 2014). If jadeite and al-
bite formed at equilibrium conditions from an aqueous fluid, jadeite should crystallize without quartz inclu-
sions. The presence of such inclusions in jadeite of a sizable fraction of the matrix-quartz-free and albite-bear-
ing rocks of the RSJC suggests that in these rocks the jadeite grains did not crystallize in equilibrium with the
surrounding albite. The anhedral grain shapes of jadeite in samples 30065 (Fig. 5a), 30769 (Fig. 3g), and 26322
support this conclusion; however, this criterion is not entirely reliable. Even though jadeite is euhedral in
sample 31034, quartz inclusions were still identified by Raman spectroscopy (Kawamoto et al., 2018). In sam-
ple 30065, anhedral and unzoned jadeite shows overgrowths of omphacite, which indicates that omphacite
rather than jadeite formed in equilibrium with the albite in the rock matrix.

In summary, we follow the interpretations of Shigeno et al. (2005, 2012) and suggest that in samples with
predominantly anhedral jadeite and with quartz inclusions, the jadeite replaced a presumably igneous plagio-
clase at some stage of the rock formation history. This replacement would have occurred during an initial iso-
chemical overprint of the igneous precursor rock (e.g., oceanic plagiogranite) at silica-saturated conditions. At
this stage a jadeite—(lawsonite) quartzite would have formed. Later desilication and metasomatic overprinting
would then have led to the final product, be it a jadeitite or another type of albite- and jadeite-rich rock. The
suite of jadeite rocks in the RSJC may therefore document various stages in the transformation of oceanic pla-
giogranite into jadeitite. Hence, researchers should also be looking for relics of lawsonite and previous genera-
tions of jadeite and not only for igneous plagioclase and pyroxene to distinguish R- from P-type jadeitites.

The presence of fluids during jadeitite genesis: mixed P- and R-character

Jadeite crystals often exhibit rhythmical or oscillatory zoning patterns and contain fluid inclusions, attest-
ing to the presence of a fluid phase during jadeitite genesis (Harlow, 1994; Sorensen et al., 2006; Harlow et al.,
2011; Schertl et al., 2012; Takahashi et al., 2017; Kawamoto et al., 2018). Both features are also observed in
jadeite from rocks of the RSJC (Fig. 3f[this study]; Schertl et al., 2012; Hertwig, 2014; Kawamoto et al., 2018)
and demonstrate fluid-assisted jadeite crystallization, i.e., the defining feature of P-type genesis. It is of note,
however, that in some samples (e.g., 26322, 30065, 30108, and 30769) either jadeite completely lacks oscilla-
tory zonation patterns, or oscillatory zoning is limited to the rims and outer parts of the jadeite crystals. For
instance, in sample 30023, cloudy, inclusion-rich cores are devoid of rhythmical zonation, while oscillatory
zoning is well-developed in jadeite near the rim and close to the albite-filled interstitial voids (Fig. 5b in Schertl
et al. (2012)). Therefore, we emphasize here that while there is considerable evidence for at least some degree
of P-type formation in many jadeitites from the RSJC, fluid-assisted jadeite crystallization might not always be
the dominant process. For a number of samples, desilication of plagiogranite (or its intermediate isochemical
metamorphic equivalent) followed by late-stage fluid infiltration and precipitation of albite and jadeitic clino-
pyroxene would more accurately describe their mode of formation.

Kawamoto et al. (2018) studied fluid inclusions in a suite of six samples of the RSJC jadeite rocks, which
included unequivocal P-type jadeite rock (discordant veins) as well as samples considered R-type on the basis
of the criteria outlined in (Hertwig, 2014; Hertwig et al., 2016) and in this paper. Kawamoto et al. (2018) found
that the aqueous fluid composition (slightly more saline than seawater) and entrapment conditions were essen-
tially the same in all the inclusions studied. Kawamoto et al. (2018) concluded that there must be a strong ge-
netic link between P- and R-type genesis in the RSJC. In their most recent review, Harlow et al. (2014, p. 26)
now also express the opinion that different blocks from the same jadeitite occurrence can show different degrees
of P- and R-type formation.
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Little attention appears to have been given to the actual physical process of potentially opening and main-
taining voids at high pressure in serpentinized ultramafic rocks for the precipitation of P-type jadeitite. The only
unequivocal P-type jadeite-rich rocks in our study are the discordant veins of matrix-quartz-bearing rock types
in blueschist blocks. However, these veins are very inhomogeneous. Thin-section and cathodoluminescence
studies show that they are aggregates of several generations of crack-seal events (Schertl et al., 2012). Jadeite
and lawsonite crystals grow as palisade arrays or radial sprays from hairline fractures in a quartz matrix (Figs. 3¢
and 5g in Schertl et al. (2012)). Our study thus cannot help to clarify the question of primary P-type precipita-
tion in serpentinite.

As noted above, our repeated observation of cloudy, inclusion-rich cores of jadeite grains devoid of
rhythmical zonation with rims of jadeite with well-developed oscillatory zoning, especially near albite-filled
interstitial voids, leads us to propose the following scenario. Note that isochemical recrystallization of a plagio-
granite to a jadeite-rich rock must lead to a reduction in volume due to the increase in rock density. As a rough
preliminary estimate, we can assume a considerable (about 10%) decrease in volume at 15 kbar. These voids
provide pathways for the saline fluids present in the surrounding serpentinite. The interface between plagio-
granite dikes and their surroundings (tectonic blocks or serpentinite) would also be an appropriate “persistent”
fluid pathway, as suggested recently by Angiboust et al. (2020). Euhedral jadeite with oscillatory zoning can
grow in these fluid-filled voids, as we observed in our samples. Little is known about silicate solubility in saline
fluids at =350 °C/17 kbar. However, extrapolating the solubility data of Wohlers et al. (2011) in the simple
system Na—Al-Si in pure water down to these P7-conditions would indicate that the solute will be dominated,
as might be expected, by Si, followed by Na and Al. Thus, while the observed desilication appears realistic,
non-negligible amounts of jadeite component can also be mobilized. Circulating fluids can act both as a meta-
somatic agent and as a vehicle of redistribution, as in the observed discordant veins. As discussed in Kawa-
moto et al. (2018), there is good evidence for the fact that serpentinization was still active in the RSJC mé-
langes during jadeitite formation, so that the surrounding ultramafic envelope constituted an active sink for Si.
At the same time, the mélanges contain many blackwall blocks rich in actinolite, and chlorite indicating Si
transfer was active irrespective of the degree of serpentinization of the ultramafic host.

CONCLUSIONS

The major result of this study is the verification that many of the jadeite-rich rocks in the serpentinite
mélanges of the Rio San Juan Complex in the northern Dominican Republic might have developed from an
igneous protolith. The process was very likely fluid-enhanced, but the main mass of these rocks did not crystal-
lize directly from an aqueous fluid. In these rocks, oscillatory zoning in jadeite reflecting open-system crystal-
lization, when observed, is restricted to crystal rims and overgrowths. This study corroborates the conclusions
of Hertwig (2014) and Hertwig et al. (2016) based on the study of zircon.

The rich diversity of jadeite-bearing rocks available in the RSJC allows important trends to be distin-
guished. These trends in whole-rock chemistry can be correlated with a logical genetic succession leading from
oceanic plagiogranite protolith to rocks of the matrix-quartz-bearing suite and finally to those of the matrix-
quartz-free suite. The first step, from plagiogranite protolith to the quartz-rich varieties of the matrix-quartz-
bearing suite, is an isochemical high-pressure overprint. The relative proportions of jadeite and lawsonite in this
suite depend on the specific plagioclase composition of the protolith. The second step involves predominant
desilication, mirroring the silica-undersaturated environment of the serpentinite matrix of the mélange. The
presence of remnant quartz inclusions in jadeite inherited from plagioclase breakdown suggests that this reac-
tion path was taken. This array of samples mirrors the reaction path in a single block described by Compa-
gnoni et al. (2012), where the jadeite—quartz core of the block grades outward toward the serpentinite host into
a jadeitite s.str. Alternatively, the high-pressure overprint and desilication might be coeval, and the plagiogran-
ite might have developed directly into a rock of the matrix-quartz-free suite. Quartz inclusions in jadeite would
then be rare or absent.

As the array of samples observed in the RSJC appears to reflect a reaction sequence, each individual
sample may represent a different stage in development. Each sample must be studied individually to define its
reaction history. Studies on zircon have provided valuable new data, but open questions remain. Future studies
should therefore emphasize the role of additional accessory minerals, such as rutile, monazite, titanite, and apa-
tite. Detailed studies on these accessories have the potential to greatly enhance our understanding of jadeitite
genesis.
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