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Freezing-point depression was measured in aqueous fluid inclusions to determine salinities in six samples of
jadeitite and jadeite-rich rock from the Jagua Clara serpentinite mélange of the Rio San Juan Complex,
Dominican Republic. The mélange represents a fossil subduction-zone channel from a cold, mature subduction
zonewith a geothermal gradient of ~6 °C/km. One hundred and twenty-five determinations of salinity in primary
inclusions hosted in jadeite, quartz, apatite and lawsonite range between extremes of 1.2 and 8.7, but yield a
well-defined mean of 4.5 ± 1.1 wt% (±1 s.d.) NaCl equiv, slightly higher than mean seawater (3.5 wt%). In one
sample, eight additional fluid inclusions in quartz aligned along grain boundaries yield slightly lower values of
2.7 ± 1.3 wt% NaCl equiv. Homogenization temperatures were alsomeasured for 47 fluid inclusions in two sam-
ples, but primary entrapment densities are not preserved. It is significant that the suite includes two types of sam-
ples: those precipitated directly from an aqueous fluid aswell as examples of metasomatic replacement of a pre-
existing magmatic rock. Nevertheless, the results indicate identical salinity for both types and suggest a much
stronger genetic link between the two types of jadeitite and jadeite-rich rock than has previously been assumed.
Based on the results of conductivitymeasurements inmodern subduction zones, we envision a pervasive fluid in
the subduction channel that evolved from salinity levels lower than those in sea-water up to themeasured values
due to on-going but largely completed serpentinization in the subduction channel. The present data represent a
reference marker for the subduction channel of the Rio San Juan intra-oceanic subduction zone at 30–50 km
depth and after 50–60Myr of operation.
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1. Introduction

Aqueous fluids are a vital factor in the formation of metamorphic
and magmatic rocks. Hydrous minerals containing OH or molecular
H2O are able to transfer high amounts of water into the mantle
(e.g., Kawamoto, 2006; Tatsumi and Eggins, 1995; Thompson, 1992);
during subduction and contemporaneously increasing temperatures
and pressures, progressive dehydration reactions lead to fluid flux into
the overlying mantle wedge (e.g., Bebout, 2007; van Keken, 2003).
Even so-called nominally anhydrous minerals are known to play a sig-
nificant role in the transport of hydrous components into the mantle
(Bell and Rossman, 1992; Hirschmann et al., 2005; Mosenfelder et al.,
2006). Such aqueous fluids can dissolve significant amounts of silicate
awamoto).
nce, University of Wisconsin-
SA.
components (Kawamoto et al., 2004; Mibe et al., 2002; Nakamura and
Kushiro, 1974) and salts (Barr, 1990; Giaramita and Sorensen, 1994;
Philippot et al., 1995, 1998; Scambelluri et al., 1997; Svensen et al.,
2001). Saline fluid inclusions in high-pressure metamorphic rocks that
are a result of such dehydration reactions have been described, for in-
stance, by Barr (1990), Giaramita and Sorensen (1994), Philippot et al.
(1995, 1998) and Frezzotti and Ferrando (2015). Saline fluids are also
observed in xenoliths from the overlying mantle wedge (Kawamoto
et al., 2013; Kumagai et al., 2014). Halogen systematics suggest some sa-
line fluid inclusions can be formed by dehydration of serpentinites pro-
duced by influx of pore-fluids from sediments (Kendrick et al., 2011;
Kobayashi et al., 2017). These observations indicate the significance of
salinity in mantle-wedge fluids, because saline fluids can deliver more
lithophile elements and Pb than pure water (Borchert et al., 2009,
2010a, 2010b; Frezzotti et al., 2010; Kawamoto et al., 2014; Keppler,
1996; Scambelluri et al., 2001; Svensen et al., 1999).

Jadeitites, which are the subject of the present fluid-inclusion study,
typically contain N90 vol% jadeite, a Na pyroxene of end-member
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composition NaAl[Si2O6], and are commonly associated with high-
pressure metamorphic rocks in serpentinite mélanges (e.g., Harlow
et al., 2014) that usually represent exhumed fragments of fossil subduc-
tion channels from subduction zones with low geothermal gradients of
b12 °C/km (see summary byHarlow et al., 2014). About 20 localities are
presently knownworld-wide. Jadeitites are almost exclusively found as
discrete blocks enveloped in serpentinite. The same is true for most of
the jadeitites and jadeite-rich rocks in our study area of the Rio San
Juan Complex (RSJC) of the Dominican Republic, where samples can
be found as blocks in theweathered serpentinite regolith or as boulders
concentrated in river beds. However, the RSJC offers a world-wide rare
feature in that jadeitites and jadeite-rich rocks are locally also observed
as concordant layers or discordant veins within blocks of jadeite-
lawsonite blueschist also entrained in the same serpentinite mélange
(Hertwig et al., 2016; Schertl et al., 2012).

Although there is still discussion on the genesis of jadeite-rich rocks
(e.g., Harlow et al., 2014, and references therein), it is clear that aqueous
fluids must play an important role in their formation. Coleman (1961)
studied jadeitite in New Idria, California, and first proposed that
jadeitite could form both by precipitation in veins from a fluid, as well
as from metasomatic replacement of a protolith. Similarly, Yui et al.
(2010) distinguished “vein precipitation” from “metasomatic replace-
ment” types. Tsujimori and Harlow (2012) suggested the terms
“P-type” for the former and “R-type” for the latter. A suitable igneous
protolith for metasomatic replacement, for instance, could be
trondhjemite or plagiogranite (e.g., Compagnoni et al., 2012; Hertwig,
2014). Recent studies in various localities from different parts of the
world (e.g., Flores et al., 2013; Fu et al., 2010, 2012; Fukuyama et al.,
2013; Hertwig et al., 2016; Meng et al., 2016; Tsujimori et al., 2005;
Yui et al., 2010, 2012, 2013; Yui and Fukuyama, 2015) have concen-
trated on zircon found in jadeitites and jadeite-rich rocks, not only for
U/Pb dating, but to characterize zircon origin via trace-element,
oxygen-isotope and REE analysis. Although the debate continues, the
conclusion inmany of the studies cited above is that the analyzed zircon
actually formed in an igneous precursor rock. It is not in all cases clear,
however, whether this means that the entire jadeite rock is a metaso-
matic product, or whether the zircon crystals represent xenocrysts in
an otherwise P-type rock. The Rio San Juan Complex of the present
study in fact represents a heterogeneous source area where both P-
and R-type genesis have been documented (Hertwig, 2014; Hertwig
and Maresch, 2015; Hertwig et al., 2016; Schertl et al., 2012). In all
these genetic models, fluids thus play a vital role in jadeitite formation,
making these rocks a primary target for studies on fluids in subduction-
zone environments and fluid-rock interactions.

Although the distribution of saline fluids in subduction zones can be
detected by remote electrical-conductivity surveys (e.g., Shimojuku
et al., 2014), the exact nature of the fluid can only be studied by directly
evaluating fluid inclusions in subduction-related rocks such as
jadeitites. However, reports documenting such evidence in jadeitite
and jadeite-rich rocks are exceedingly scarce. Shoji and Kobayashi
(1988) measured homogenization temperatures of fluid inclusions in
jadeite of a jadeite-rich rock found in the Osayama serpentinite mé-
lange, SW Japan (Tsujimori and Itaya, 1999); they scatter widely be-
tween 135 °C and 345 °C. Homogenization temperatures measured in
inclusions from associated stronalsite crystals (SrNa2Al4Si4O16) are
also in the range of 110–365 °C. Such homogenization temperatures
are difficult to interpret, in that they indicate much lower pressures of
formation for jadeite than phase equilibria studies would suggest.
Freezing temperatures were not measured by these authors. Most of
the inclusions from this locality are reported to be liquid and only a
few are gaseous; solids were not observed in these inclusions. Data on
fluid inclusions in jadeitites from Guatemala have been discussed by
Harlow (1994), Johnson and Harlow (1999), and Harlow et al. (2015,
2016); however, all these discussions can be traced back to two ab-
stracts by Harlow (1986) and Sisson et al. (2006). Harlow (1986) re-
ports a uniform value of 8.7 wt% NaCl equivalent (equiv) for two-
phase fluid/gas inclusions from a jadeitite north of the Motagua fault
system (MFS), as derived from corresponding freezing temperatures
of −5.6 to −5.7 °C. Reported homogenization temperatures range be-
tween 260 and 283 °C, leading to apparent crystallization pressures of
0.2 to 0.26 GPa, again much lower than phase equilibria would predict.
Salinities of 3–7 wt% NaCl equiv are reported by Sisson et al. (2006) for
fluid inclusions in jadeitites from north of the MFS, and 0–2 wt% for
those from south of the MFS. Yui et al. (2010) described two-phase
fluid inclusions with negligible amounts of CO2 and CH4 from zircons
in jadeitites from north of the MFS and interpreted these zircons to
have precipitated from an aqueous fluid. The authors also documented
jadeite domains rich in fluid inclusions which were interpreted to
have formed via a “vein precipitation” (or P-type) mechanism; how-
ever, many core domains were also found to contain various solid min-
eral inclusions and thus were interpreted to have formed by a
“metasomatic replacement” (R-type) mechanism. Shi et al. (2005) dis-
covered methane (CH4)-bearing fluid inclusions in jadeite from
Myanmar and considered organic carbon from marine sediments as
the source of these CH4-bearing fluids based on hydrogen and carbon
isotopic compositions.

Although aqueous fluids represent an essential component in all
models of jadeitite formation, it appears that systematic and detailed
data on fluid inclusions in both the jadeite and its associated minerals
in jadeitites and jadeite-rich rocks are still rare. In this paper we there-
fore report salinity data from aqueous fluid inclusions in various min-
erals from a set of different jadeitites and jadeite-rich rocks from the
serpentinite mélanges of the RSJC (Schertl et al., 2012), in order to pro-
videmore constraints on the chemical composition of fluids at the slab-
mantle boundaries at fore-arc depths. We also provide some auxiliary
results from measurements on temperatures of homogenization.

2. Geological setting

Within the last three decades the frequently observed interrelationship
of subduction-zone environments, serpentinite mélanges, and blocks of
high-pressure metamorphic origin led to the development of the so-
called “subduction-channel”model (e.g., Cloos and Shreve, 1988a, 1988b;
Geryaet al., 2002;Guillot et al., 2001; Shreve andCloos, 1986). At depth, hy-
dration of the overlyingmantlewedgewill lead to serpentinite-hosted sub-
duction channels that develop at the interface between the mantle wedge
and the subducting slab (e.g., Guillot et al., 2001). In the Caribbean realm,
serpentinite mélanges originally formed by intra-oceanic subduction are
now found in arc-continent collision zones along the Caribbean-North
American suture zone extending from the Motagua fault zone in
Guatemala through Cuba towards the Dominican Republic (García-Gasco
et al., 2008). The jadeitites and jadeite-rich rocks of the present study are
from the Rio San Juan Complex (RSJC) situated in the northern part of the
Dominican Republic. The RSJC comprises serpentinite mélanges together
with various types of subduction-zone-related igneous and metamorphic
rocks (Draper and Nagle, 1991; see also Fig. 1).

The RSJC serpentinite mélanges (Fig. 1) formed in the subduction
channel of the Greater Antilles segment of the former Caribbean island
arc system and host tectonic blocks of various high-pressure metamor-
phic rocks such as different types of blueschist, eclogite, orthogneiss,
and subordinate metapelite, marble, cymrite-bearing and various
types of jadeite-rich rocks (Krebs, 2008; Krebs et al., 2011; Schertl
et al., 2012). Detailed petrographic descriptions and P-T-t paths for typ-
ical metamorphic blocks from themélanges have been given elsewhere
(Krebs, 2008; Krebs et al., 2008, 2011). On the basis of the available
array of P-T-t paths, Krebs et al. (2008, 2011) studied the dynamics of
massmovement in this subduction channel and showed that the results
correlate well with the predictions of the 2-D numerical subduction-
zonemodel of Gerya et al. (2002), which takes into account the process
of hydration of themantlewedge and formation of the serpentinite sub-
duction channel by the fluid released from a kinematically specified
subducting plate. As a result, both the petrologically-based model and



Fig. 1.Maps showing (a) the present tectonic setting of the Caribbean realm and the location of the Rio San Juan Complex (RSJC) in northernHispaniola, as well as (b) the sample localities
and themain geological features of the RSJC. Tectonic features in (a) aremodified from Pindell and Kennan (2009); the geological map in (b) is based on thework and themap of Escuder-
Viruete (2010). The Jagua Clara serpentinite mélange (“mj”) is the source of all jadeitites and jadeite-rich rocks.
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the numerical simulation provide a coherent picture of a thermally
evolving subduction zone with a self-organizing and widening
serpentinite subduction channel. Initiation of subduction can be as-
sumed to be at ca. 135 Ma (e.g., Pindell et al., 2012), and the subduction
zone was active to at least 60 Ma (e.g., Krebs et al., 2008, 2011). Krebs
et al. (2008, 2011) documented clockwise and anticlockwise P-T-
paths for blocks of eclogite reaching maximum pressure conditions
close to the quartz-coesite boundary (ca. 2.5 GPa at 800 °C) during
early subduction history. Gradual cooling of the “warm” nascent sub-
duction 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. Various
garnet- and omphacite-bearing blueschist blocks show clockwise P-T-t
paths and experienced maximum P-T conditions of 1.2–1.8 GPa and
500–550 °C around 80 Ma, and jadeite- and lawsonite-bearing
blueschist blocks with hair-pin clockwise P-T-t paths indicate peak
metamorphic conditions of 1.5–1.8 GPa at 360–380 °C after 70 Ma.
Thus P-T conditions conducive to the formation of jadeitite and
jadeite-rich rocks (e.g., Harlow et al., 2014) were first reached between
80 and 70Ma. P-T estimates for jadeitite and jadeite-rich rocks from the
RSJC vary from 350 to 500 °C and 1.2–1.7 GPa (Hertwig, 2014; Hertwig
et al., 2016; Schertl et al., 2012). For the present study it is important to
stress that the model of Gerya et al. (2002) indicates that
serpentinization in the subduction zone channel was still active at the
time of formation of jadeitite and jadeitite-rich rocks.

Jadeitites and jadeite-rich rocks are found in the serpentinite
mélange of the RSJC (Fig. 1) as blocks up to about 2 × 2 × 2 m3 in size
in lag deposits covering 12 × 16 km2 of the hilly terrain of the RSJC, or
as reworked boulders within mountain streams. Some are clearly frag-
ments of tabular bodies, such as have been described elsewhere in the
world in such settings (e.g., Harlow et al., 2014), but a well-preserved
primary contact between jadeitite and serpentinite has not been
observed so far, likely due to the deep tropicalweathering and preferen-
tial erosion of the strongly sheared serpentinite matrix. Because of the
accumulative nature of these lag deposits, it is not possible to estimate
the original volumetric proportion of jadeitites and other tectonic blocks
in the serpentinite mélange. Jadeitite and jadeite-rich blocks are found
throughout the serpentinite mélange exposures, although the distribu-
tion of blocks of other high-pressure rocks is not uniform. In the
northern mélange outcrop areas blueschists predominate, whereas in
the southern regions eclogites prevail (Krebs, 2008).

Following the initial description of Schertl et al. (2007), N100 exam-
ples of jadeitites and jadeite-rich rocks from the RSJC have been exten-
sively studied by Schertl et al. (2012), Hertwig (2014) andHertwig et al.
(2016). The greenish-white to dark green rocks can in general be di-
vided into a matrix-quartz-free suite (i.e. quartz can occur, but only as
small inclusions in the cores of jadeite crystals) and a matrix-quartz-
bearing suite, occurring in the ratio of approximately 60% to 40%,
respectively. Jadeitite sensu stricto (s.s.) containing N90 vol% jadeite is
present in both rock suites. In addition to jadeitite s.s., the matrix-
quartz-bearing suite comprises further rock types including jadeite
quartzite, jadeite-lawsonite quartzite, and lawsonite quartzite as well
as transitional rock types between those end-members. Jadeite-rich
rocks from the matrix-quartz-free suite can contain varying amounts
of albite, mainly as an interstitial phase or filling of veins in combination
with carbonates. Omphacite often constitutes either cores in or over-
growths on jadeite crystals. Typical for jadeitites and jadeite-rich rocks
from this suite are patchy, dark green aggregates of chlorite (locally
intergrownwith biotite), epidote-groupminerals, biotite, and occasion-
ally phengite. Common minor mineral constituents of jadeitites and
jadeite-rich rocks from both suites are phengite, glaucophane, chlorite,
and, although more abundant in the matrix-quartz-free rock suite,
omphacite, epidote-group minerals, and calcite.
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Extensive and detailed analytical data for minerals are given in
Schertl et al. (2012), Hertwig (2014), and Hertwig et al. (2016), but
some important features deserve mention here. The composition of
jadeite in both rock suites is close to that of the ideal end-member
NaAlSi2O6; the aegirine component (NaFe3+Si2O6) is usually low, but
may reach 20 mol% in some matrix-quartz-free, jadeite-rich rocks.
Sodium amphibole found in both rock suites is generally glaucophane
or more rarely ferro-glaucophane (0.3 b XMg b 0.8). The specific
samples examined for this fluid-inclusion study do not contain
epidote-group minerals, but jadeitite and jadeite-rich rocks from both
suites can contain clinozoisite (0.2 b Fe3+ b 0.5 a.p.f.u., for 12.5 oxygen)
or epidote (0.5 b Fe3+ b 0.9 a.p.f.u., for 12.5 oxygen). These are not in
equilibrium with lawsonite. In most jadeitites or jadeite-rich rocks, al-
bite is the product of jadeite decomposition, but Hertwig (2014) has ar-
gued that in some cases, including sample 31034 of the present study,
jadeite and albite could have coexisted because of low silica activity.
The vein fillings of some matrix-quartz-free jadeite-rich rocks are
made up of albite and calcite that in these cases formed in equilibrium.

An important feature in the RSJC is that jadeitites and jadeite-
rich rocks of the matrix-quartz-suite have been observed as con-
cordant layers and discordant veins in blocks of lawsonite
blueschist, making these occurrences of great interest for studies
of jadeitite genesis (e.g., Hertwig et al., 2016; Hertwig, 2014;
Schertl et al., 2012). However, it must be stressed that this occur-
rence is restricted in extent and N95% of the observed blocks of
jadeitite and jadeite-rich rocks are scattered throughout the
serpentinite mélange with no obvious direct association with any
other rock type except serpentinite.
3. Analytical procedures

Cathodoluminescence images were performed at Ruhr-University
Bochum using a HC1-LM hot cathode microscope. The beam energy
was 14 keV and the beam current density ~9 μA/mm2 on the sample
surface. Photos were taken by a digital microscope camera (Olympus
DP73); the device allows simultaneous investigation of polished thin
sections under linear polarized light, crossed polarizers and the electron
beam (for details see Schertl et al., 2004).

Unpolarized Raman spectra of fluid inclusions were collected with
the Kaiser HoloLab 5000 Raman spectrometer at Kyoto University
using a 532 nm YAG laser at 17 mW on sample position, holographic
transmission gratings, and CCD detector of 2048 pixels from 180 to
4500 cm−1 spectral range. The focal spot of the excitation laser
beam obtained by the ×50 objective lens was 2 μm in diameter. Ac-
cumulation time was 60–150 s. Identification of the Raman peaks
was carried out mainly based on the RRUFF project homepage
(Downs, 2006; Lafuente et al., 2015), and the Raman database of
Frezzotti et al. (2012).

Microthermometric measurements of fluid inclusions were
performed with a Linkam THM600 heating stage at Kyoto University.
Temperature was calibrated using synthetic fluid-inclusion standards
at −56.6 °C (melting point of CO2), 0 °C (melting point of H2O), and
373 °C (critical temperature of H2O). We estimated the salinity of H2O
fluid inclusions using the relationship between salinity and freezing
point depression (Bodnar, 1993). Precision of the melting temperature
of ice is within 0.1 °C, which results in estimated uncertainties of indi-
vidual salinity measurements of 0.15 wt% NaCl equiv. Homogenization
temperatures of two-phase fluid inclusions in jadeite crystals were
measured for two samples. Temperature was calibrated using
melting point of sodium nitride at 307 °C in addition to the synthetic
fluid-inclusion standards at −56.6 °C (CO2), and 0 °C (H2O). Fluid
phases in inclusions were identified using another confocal Raman mi-
croscope equipped with a 488 nm solid laser, 6 mW, ×100 objective
lens, 600 g/mm gratings, and CCD detector from the 232 to 3740 cm−1

spectral range (alpha 300R;WITecGmbH,Germany) at KyotoUniversity.
4. Results

4.1. Petrography and mineralogy

We investigated six jadeitites and jadeite-rich rocks from the Jagua
Clara serpentinite mélange in the RSJC (see Fig. 1b). Three of these are
samples from loose blocks in the mélange (26322, 31034 and 30092).
The other three are samples from concordant layers of matrix-quartz-
bearing jadeitite (30046) and jadeite-lawsonite quartzite (30772) in
blueschist, as well as a discordant jadeite-lawsonite quartzite vein
(30101) cutting a blueschist block. An overview with a summary of
modal abundances is given in Table 1. Figures 2 and 3 show examples
of photomicrographs and CL images of thin-sections. The dashed out-
lines in Fig. 3 indicate jadeite crystals in which fluid inclusions were
studied and show the microstructural setting of such crystals.
Figures 4 summarizes electron-microprobe analyses of clinopyroxene
in samples of the present study and in jadeite-rich rocks from the Rio
San Juan Complex in general.

The first matrix-quartz-free jadeitite, sample 26322 (WGS84, UTM
19Q, 378314 2166793), contains mainly anhedral and mineral-
inclusion-rich jadeite in an overall granoblastic texture (Fig. 2a). Jadeite
crystals in contact with interstitial albite are often subhedral and pos-
sess few mineral inclusions. Important minor and accessory minerals
are albite, phengite, omphacite, glaucophane, and titanite. The second
matrix-quartz-free jadeitite, sample 31034 (WGS84, UTM 19Q,
379562 2162940), is in contact with a chlorite-jadeite blueschist and
shows a densely-spaced foliation already evident in hand specimen.
Jadeite is subhedral to euhedral, relatively inclusion-poor (Figs. 2b,
3a), and exhibits intense green CL colors (Fig. 3b); some crystals are
faintly zoned. Interstitial albite is CL-dark and occurs inminor amounts;
omphacite, chlorite, titanite, and, close to the contact with the
blueschist, glaucophane are found in accessory amounts.

The jadeite-lawsonite quartzite, sample 30092 (WGS84, UTM 19Q,
378350 2166956), contains anhedral, fractured, almandine-rich garnet
porphyroblasts in a matrix of overall granoblastic texture (Figs. 2c, 3c).
Jadeite and lawsonite crystals aremineral-inclusion-rich and subhedral;
quartz forms polygonal aggregates. Additional minerals are phengite,
chlorite, and titanite. Jadeite shows an intense green CL response
(Fig. 3d), but quartz and lawsonite are non-luminescent. The faint luster
of lawsonite crystals is due to internal reflection of CL emission from
close-by jadeite at cleavage planes or inclusions in lawsonite.

Sample 30046 (WGS84, UTM 19Q, 378297 2167456), from the
matrix-quartz-bearing concordant jadeitite layer in blueschist, com-
prises subhedral to anhedral, mineral-inclusion-rich jadeite (Fig. 2d),
as well as additional minerals such as quartz, glaucophane, calcite, and
phengite; apatite, titanite, and zircon are accessory phases. Quartz
forms polygonal aggregates, occupies interstitial domains between
jadeite crystals, and is present as inclusions in jadeite. Additional infor-
mation on the petrography of sample 30046 is provided by Schertl et al.
(2012). Recently, Hertwig et al. (2016) performed an in-situ oxygen iso-
tope study of zircon using ion microprobe from this particular concor-
dant jadeitite sample. The results suggest that most of these zircon
grains are igneous in origin and were inherited from the protolith of
the concordant jadeitite layer.

In addition to quartz in polygonal aggregates, sample 30772
(WGS84, UTM 19Q, 378298 2167457), which is from a concordant
jadeite-lawsonite quartzite layer in blueschist, comprises mineral-
inclusion-rich, subhedral to anhedral jadeite and lawsonite (Fig. 2e).
The layer possesses an overall granoblastic texture and contains addi-
tional glaucophane, albite, chlorite, and phengite.

The constituents of the discordant jadeite-lawsonite quartzite vein
from this study, represented by sample 30101 (WGS84, UTM 19Q,
378316 2167277), tend to form microlayers, clusters and schlieren
rich in either jadeite, lawsonite or quartz. Jadeite nodules possess thin
omphacite rims (Fig. 2f) and are often surrounded by unaligned flakes
of phengite. Quartz forms polygonal aggregates in quartz-rich clusters;



Table 1
Sample overview and mineral abundances.

Sample Rock type Contact relationship Jd Omp Ab Qza Lws Grt Chl Gln Cal Phe Ap Ttn Zrn

26322 Jadeitite s.s Isolated block 90 1 4 acc. 4 1
30046 Jadeitite s.s Concordant layer in blueschist 90 5 3 1 1 acc. acc. acc.
30092 Jadeite-lawsonite quartzite Isolated block 40 35 20 4 acc. acc. 1
30101 Jadeite-lawsonite quartzite Discordant vein in blueschist 20 5 20 50 acc. 5 acc. acc.
30772 Jadeite-lawsonite quartzite Concordant layer in blueschist 30 acc. 55 10 acc. acc. 5
31034 Jadeitite s.s In contact with blueschist 95 acc. 2 1 acc. 2

a Quartz in rock matrix; acc.: accessory phase; Jd= jadeite, Omp= omphacite, Ab= albite, Qz= quartz, Lws= lawsonite, Grt = garnet, Chl = chlorite, Gln= glaucophane, Cal =
calcite, Phe= phengite, Ap= apatite, Ttn= titanite, Zrn= zircon.
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lawsonite accumulates in thin layers or in irregular-shaped clusters
where crystals are intimately intergrown. Important additional phases
in this vein are glaucophane, apatite, and titanite. Schertl et al. (2012;
their Fig. 3e) have documented crack-seal features in this rock where
jadeite and lawsonite crystals grow outward into the quartz matrix
from sub-parallel hair-line fractures in the rock.

As noted in the introduction, it is not a straightforward task to distin-
guish “vein precipitation” (Yui et al., 2010) or “P-type” (Tsujimori and
Harlow, 2012) from “metasomatic replacement” (Yui et al., 2010) or
Fig. 2. Photomicrographs of thin-sections of rocks from this study. (a) Anhedral jadeite rich i
(b) subhedral jadeite grains in an albite-bearing jadeitite (XP, sample 31034); (c) fractured,
(LPL), sample 30092); (d) subhedral, inclusion-rich jadeite in a concordant jadeitite layer (X
lawsonite quartzite (XP, sample 30772); (f): jadeite nodules rimmed by omphacite in a discor
“R-type” (Tsujimori and Harlow, 2012) jadeitite. However, in sample
30046 the zircon has been studied in detail (Hertwig, 2014; Hertwig
et al., 2016), and ametasomatic R-type origin is indicated. Other criteria
worked out byHertwig (2014) andHertwig et al. (2016) for theRSJC oc-
currence in particular (see also Yui et al., 2010; Yui and Fukuyama,
2015) are that P-type jadeitites are usually true jadeitites with N90%
jadeite, contain jadeite grains poor in mineral inclusions, and may
show an oscillatory zoning that is visible using cathodoluminescence
(CL) microscopy. R-type jadeite is filled with mineral inclusions and
n mineral inclusions in an albite-bearing jadeitite (crossed polars (XP), sample 26322);
anhedral garnet porphyroblasts in a jadeite-lawsonite quartzite (linearly polarized light
P, sample 30046); (e) unoriented jadeite and lawsonite crystals in a concordant jadeite-
dant jadeite-lawsonite quartzite vein (LPL, sample 30101).



Fig. 3. Pairs of thin-section photomicrographs and corresponding CL images showing the microstructural settings of jadeite crystals hosting analyzed fluid inclusions (dashed yellow
outlines). (a) Jadeite crystal with few mineral inclusions and uniform extinction embedded in a matrix of subhedral to anhedral jadeite (XPL, sample 31034). (b) Micrograph
demonstrating intense green CL colors of jadeite, whereas interstitial albite does not luminesce. The jadeite crystal hosting the analyzed fluid inclusions does not exhibit any apparent
zonation (CL, field of view as in a). (c) Anhedral jadeite crystal with uniform extinction and a core rich in mineral inclusions in a matrix with abundant jadeite, quartz, and tabular
lawsonite (XPL, sample 30092). (d) Intense green CL colors distinguish jadeite from non-luminescent quartz and lawsonite. Jadeite is faintly zoned with more yellowish CL colors in
the lower left and more greenish CL colors in the upper and right part (CL, field of view same as in c). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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appears “dusty”. CL images are patchy. On this basis, samples 26322 and
30092 should also be viewed as R-type, whereas 31034 is P-type. By
its very nature, coming from a discordant vein, sample 30101 is also
P-type.

The use of cathodoluminescence spectroscopy to understand jadeite
growth features also raises the question of how CL colors correlate with
Fig. 4. Clinopyroxene compositions in the ternary classification diagram ofMorimoto et al.
(1988). Grey fields: variation of clinopyroxene compositions in jadeite-rich rocks from the
RSJC in general. a) Clinopyroxene compositions in samples 30092 and 31034, separated to
allow correlation with CL colors in Fig. 3 (see Section 4.1); b) clinopyroxene compositions
in all samples of the present study.
Data from Baese (2009) and Hertwig (2014).
jadeite composition, as discussed recently by Takahashi et al. (2017).
Although CL-microscopy is helpful in characterizing internal growth
structures and zoning patterns of jadeite crystals, a careful and detailed
CL-spectra study, best achieved in combination with high resolution
microchemical techniques such as PIXE (Particle-Induced X-ray
Emission) or LA-ICP-MS (Laser Ablation Inductively Coupled Plasma
Mass Spectrometry), is recommended in order to understand the origin
of CL colors. Schertl et al. (2012; their Fig. 5d) demonstrated that in the
case of the jadeite-rich rocks of the Dominican Republic, jadeite do-
mains with diverse luminescence colors (bluish-red to yellowish-
green) may correlate with quite pure end-member compositions (Jd99
and Jd98, respectively). The only general conclusion that can be drawn
is with respect to iron, which acts as a quencher element (e.g., Götze
et al., 2013; Schertl et al., 2004; Takahashi et al., 2017). These diverse
CL-colors in jadeite may be a result of low amounts of REE as activators.
Using CL-spectra, Schertl et al. (2018a) recently demonstrated that the
luminescence of pyrope-rich garnet can be induced by different but
small amounts of Dy3+, Tb3+, Sm3+ and Sm2+ as activator elements,
which are below the detection limit of the electron microprobe.

4.2. Raman spectroscopy and microthermometry of fluid inclusions

All the analyzed thin sections (Tables 2a, 2b) contain vapor-liquid,
two-phase fluid inclusions within various host minerals. Most of the
fluid inclusions are about 10 μm or smaller and easily distinguished in
clear parts of jadeite and lawsonite crystals (Fig. 5a, b, c, f, g, h), inside
apatite and quartz crystals, or in sample 30092 also along the grain
boundaries of quartz foam-structure aggregates (Fig. 5d, e). Some
fluid inclusions in apatite may reach 10 μm in length (Fig. 5c). In
general, fluid inclusions occur individually and are not located in arrays.
However, it is significant that quartz crystals forming polygonal
aggregates in the jadeite-lawsonite rock of sample 30092 (Fig. 5b,



Table 2a
Measured freezing point depression and derived calculated salinity.

Sample 30046: jadeitite s.s.; concordant layer in
blueschist

Sample 30101: jadeite-lawsonite quartzite;
discordant vein in blueschist

Sample 30772: jadeite-lawsonite quartzite;
concordant layer in blueschist

T(melting)
(°C)

Derived salinity
(wt% NaCl equiv)

Average
±1 s.d.

T(melting)
(°C)

Derived salinity
(wt% NaCl equiv)

Average
±1 s.d.

T(melting)
(°C)

Derived salinity
(wt% NaCl equiv)

Average
±1 s.d.

Jadeite host Jadeite host Jadeite host
−2.3 3.9 −0.7 1.2 −2.7 4.5 4.5
−2.3 3.9 −1.5 2.6 Quartz host
−2.8 4.7 −1.8 3.1 −1.3 2.2
−3.9 6.3 −2.0 3.4 −1.8 3.1
−4.1 6.6 −2.0 3.4 −2.1 3.4
−5.6 8.7 5.7 ± 1.9 −2.2 3.7 −2.3 3.9
Apatite host −2.5 4.2 −2.7 4.5
−2.5 4.2 −2.5 4.2 −3.4 5.6
−2.6 4.3 −2.5 4.2 −3.8 6.2
−2.9 4.8 −3.4 5.6 −4.2 6.7
−3.0 5.0 −3.6 5.9 3.8 ± 1.3 −4.5 7.2
−3.1 5.1 Quartz host −4.6 7.3 5.0 ± 1.8
−3.3 5.4 −1.3 2.2 Lawsonite host
−3.4 5.6 4.9 ± 0.5 −2.0 3.4 −2.6 4.3

Entire sample 5.3 ± 1.3 −2.2 3.7 −2.7 4.5 4.4 ± 0.1
−2.4 4.0 Entire sample 4.9 ± 1.6

Sample 26322: jadeitite s.s.; isolated block −2.4 4.0
−2.5 4.2

Jadeite host −2.6 4.3
−2.1 3.6 −2.9 4.8
−2.3 3.9 −2.9 4.8
−2.3 3.9 −3.2 5.1 4.1 ± 0.8
−2.4 4.0 Lawsonite host
−2.6 4.3 −2.3 3.9 3.9
−2.8 4.7 Entire sample 3.8 ± 1.2
−2.9 4.8 4.2 ± 0.4

233T. Kawamoto et al. / Lithos 308–309 (2018) 227–241
d) contain fluid inclusions (b10 μm across) that are aligned along grain
boundaries (Fig. 5d, e).

Routine Raman spectroscopy was carried out after the determina-
tion of the freezing-point depression and covered the wavelength
range of H2O, CO2 and methane. All fluid inclusions studied contain
two fluid phases, liquid H2O and vapor (Fig. 6); solid phases as well as
CH4 and CO2 were not observed. CH4 is found in some but not all fluid
inclusions reported from jadeite in jadeite-rich rocks; for example, no
CH4 was reported from fluid inclusions in jadeite from Yorii, Japan,
whereas CH4 was found in fluid inclusions of quartz in the identical
sample (Fukuyama et al., 2017). CH4 can be formed from carbon
under reducing conditions. Serpentinization can provide H2 and favors
the formation of CH4 if there is carbon available (Sleep et al., 2004). In
the present samples, however, we have no CH4 or CO2, suggesting the
absence of carbon.

In addition, it became obvious from this detailed scrutiny that all in-
vestigated rock samples, including ones with an albite matrix that have
been classified as matrix-quartz-free by Schertl et al. (2012), Hertwig
(2014) and Hertwig et al. (2016), do contain small quartz inclusions
within jadeite crystals (Fig. 6a). In this regard an interesting and com-
mon feature in the jadeite from the Dominican Republic, both in sam-
ples from the field (Rio San Juan Complex; Hertwig, 2014; Schertl
et al., 2012) or in archeological artefacts derived from there (Playa
Grande; Schertl et al., 2018b) is the presence of minute myrmekitic
jadeite-quartz intergrowths shown in Fig. 5a. Similar textures were ob-
served in experimental run products when albite was transformed to
jadeite+ quartz at 1000 °C/2.8 GPa, 900 °C/2.5 GPa and 800 °C/2.5 and
2.3 GPa (Zhang et al., 2014; their Fig. 5d, e). This observation serves to
prove that the samples had overstepped the upper pressure stability
of jadeite in the presence of quartz. A typical example for a Raman spec-
trum of a fluid inclusion is shown in Fig. 6b; for the respective thin-
section image see Fig. 5a (arrow).

The results ofmicrothermometry (Tables 2a, 2b, Figs. 7, 8) show that
the salinities of fluid inclusions from jadeite in four specimens are
similar to each other: 4.9 ± 0.8 wt% (±1 s.d.) NaCl equiv (3.2–7.7 wt%,
n = 34, sample 31034, Fig. 7b, Table 2b), 4.2 ± 0.4 wt% (3.6–4.8 wt%,
n = 7, sample 26322, Fig. 7c, Table 2a), 4.4 ± 0.9 wt% (2.9–8.4 wt%,
n = 33, sample 30092, Fig. 7d, Table 2b), and 4.5 wt% (n = 1, sample
30772, Fig. 7e, Table 2a), regardless of whether or not the matrix
of the host rock contains albite or quartz. Fluid inclusions in jadeite
from the other two specimens have slightly higher and lower mean sa-
linities: 5.7 ± 1.9 wt% (3.9–8.7 wt%, n = 6, sample 30046, Fig. 7f,
Table 2a), 3.8 ± 1.3 wt% (1.2–5.9 wt%, n = 11, sample 30101, Fig. 7g,
Table 2a). In the two matrix-quartz-bearing, lawsonite-rich samples,
fluid inclusions in lawsonite have values of 4.4 ± 0.1 wt% (n= 2, sam-
ple 30772, Table 2a) and 3.7 ± 0.6 wt% (n= 3, sample 30092, Table 2b)
similar to those in jadeite from the same samples (Fig. 7d, e, Tables 2a,
2b). In sample 30046, fluid inclusions in apatite were observed which
yield a salinity of 4.9 ± 0.5 wt% (4.2–5.6 wt%, n = 7, Table 2a). Fluid in-
clusions located along grain boundaries of quartz aggregates in sample
30092 show a lower salinity of 2.7 ± 1.3 wt% NaCl equiv (0.5–3.9 wt%,
n = 8, Fig. 7d, Table 2b), while fluid inclusions found inside quartz
grains of the other two jadeite-lawsonite quartzite specimens show
higher values of 5.0 ± 1.8 wt% (2.2–7.3 wt%, n = 10, sample 30772,
Fig. 7e, Table 2a) and 4.1 ± 0.8 wt% (2.2–5.1 wt%, n = 10, sample
30101, Fig. 7g, Table 2a).

Treated as one sample, the salinities of all analyzed (n = 125)
fluid inclusions in jadeite, quartz, lawsonite, and apatite, except
those which occur along grain boundaries of quartz in sample 30092
(n= 8), range from 1.2 to 8.7 wt% NaCl equiv and possess an average
value of 4.5 ± 1.1 wt% (Fig. 7a).

Homogenization temperatures were measured together with freezing
point depression in 47 fluid inclusions hosted by jadeite in two samples
(Table 2b; Fig. 8). Homogenization temperatures for sample 30092 yield a
range from 115.3 to 169.0 °C, with a mean value of 143.7±10.7 °C (1 s.d.);
the corresponding values for sample 31034 are 135.0 to 178.4 °C, with a
mean of 162.2±11.8 °C (1 s.d.). Although the data points for sample 30092
are slightly skewed towards lower temperatures, both data populations



Table 2b
Measured freezing point depression, derived calculated salinity, and examples of homogenization temperatures.

Sample 30092: jadeite-lawsonite quartzite; isolated block Sample 31034: jadeitite s.s.; in contact with blueschist

T(melting)
(°C)

Derived salinity
(wt% NaCl equiv)

Average
±1 s.d.

T(homog.)
(°C)

Average
±1s.d.

T(melting)
(°C)

Derived salinity
(wt% NaCl equiv)

Average
±1 s.d.

T(homog.)
(°C)

Average
±1 s.d.

Jadeite host Jadeite host
−1.7 2.9 −1.9 3.2 140.7
−1.8 3.0 141.6 −2.1 3.5 169.0
−2.0 3.3 136.0 −2.3 3.9
−2.1 3.5 139.8 −2.4 4.1 152.9
−2.1 3.5 169.0 −2.5 4.2
−2.1 3.6 −2.5 4.2 175.6
−2.1 3.6 −2.6 4.3
−2.3 3.8 145.4 −2.6 4.4 178.4
−2.4 4.0 −2.7 4.5 166.1
−2.4 4.0 −2.7 4.5 135.0
−2.4 4.1 145.4 −2.8 4.7
−2.4 4.1 115.3 −2.8 4.7
−2.4 4.1 145.4 −2.8 4.7 140.7
−2.5 4.2 −2.8 4.7 163.3
−2.5 4.2 140.7 −2.9 4.7
−2.5 4.2 145.4 −2.9 4.8
−2.6 4.3 −2.9 4.8 161.4
−2.6 4.4 143.5 −2.9 4.8 178.4
−2.6 4.4 135.0 −3.0 5.0 155.8
−2.6 4.4 140.7 −3.0 5.0 149.2
−2.7 4.5 −3.0 5.0 169.9
−2.7 4.5 −3.0 5.0 159.5
−2.7 4.5 149.2 −3.0 5.0
−2.7 4.5 140.7 −3.1 5.1
−2.8 4.7 −3.1 5.1 165.2
−2.9 4.8 −3.1 5.1 165.2
−2.9 4.8 143.5 −3.1 5.1 168.0
−2.9 4.8 149.2 −3.1 5.1 165.2
−2.9 4.8 169.0 −3.2 5.3 166.1
−3.0 5.0 145.4 −3.2 5.3 162.4
−3.0 5.0 142.6 −3.4 5.5 154.8
−3.7 6.0 138.8 −3.8 6.1 167.1
−5.4 8.4 4.4 ± 0.9 138.8 143.7 ± 10.7 −4.1 6.6 175.6
Quartz host −4.9 7.7 4.9 ± 0.8 154.8 162.2 ± 11.8
−0.3 0.5
−0.5 0.9
−1.7 2.9
−1.8 3.1
−2.0 3.4
−2.1 3.6
−2.1 3.6
−2.3 3.9 2.7 ± 1.3
Lawsonite host
−1.9 3.1
−2.2 3.7
−2.5 4.2 3.7 ± 0.6

Jd + Lws only 4.3 ± 0.9
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approximate normal Gaussian distributions. There is no obvious correlation
between Th and Tm, i.e. salinity.

5. Discussion

5.1. Fluid inclusions in jadeite-rich rocks from serpentinite mélanges

The primary aim of our fluid-inclusion study on jadeitites and
jadeite-rich rocks is to constrain the composition of the fluid that either
precipitated jadeite or caused the metasomatic replacement of a suit-
able precursor rock by a precise characterization of thefluid in the inclu-
sions. However, beyond the usual attention to differentiating “primary”
versus “secondary” fluid inclusions, the salinity data must also be
interpreted with care. A number of experimental studies under con-
trolled conditions of pressure, temperature and external fluid reservoir
(e.g., Bakker, 2017; Bakker and Jansen, 1990; Sterner et al., 1995), have
shown that in some circumstances water-rich fluid inclusions can leak
or take up water through the host crystal. Furthermore, Audétat and
Günther (1999) showed, for instance, that one distinct quartz grain of
the same granite sample can host various types of fluid inclusions char-
acterized by different salinities. The authors suggested different
amounts of H2O-loss or gain at some stage to be the cause. Tables 2a,
2b summarize our microthermometric measurements and document
that in 125 fluid inclusions studied in six samples and four different
types of mineral hosts, the derived salinities are exceptionally consis-
tent. We interpret this to indicate that primary trapped salinities have
indeed been preserved.

The homogenization temperatures (Th) of Table 2b can be used to
estimate pressures of entrapment, assuming the temperature range of
formation of 360–500 °C suggested by Schertl et al. (2012), Hertwig
(2014) and Hertwig et al. (2016) for jadeitites and jadeitite-rich rocks
in the RSJC mélange. Using the density formulation of Zhang and
Frantz (1987) and the average Th values from Table 2b leads to the re-
sult that the fluid inclusions could have formed in the range ~0.4 GPa
at 360 °C to ~0.7 GPa at 500 °C. These pressures are distinctly lower
than the estimates of 1.2–1.7 GPa provided by Schertl et al. (2012),
Hertwig (2014), and Hertwig et al. (2016) for the formation of jadeitites
and jadeitite-rich rocks. This discrepancy is commonly observed in



Fig. 5. Photomicrographs offluid inclusions. (a) 4-μm-longfluid inclusion (arrow) in jadeite. Raman spectroscopy shows the presence ofH2O (see Fig. 6b);microthermometry indicates 4.7wt%
NaCl equiv (LPL, sample 30046). (b) Lawsonite and jadeite crystals surrounded by quartz aggregates. Rectangle indicates area shown in 5c (XP, sample 30092). (c) Detail of 5b; 8-μm-long fluid
inclusion in lawsonite (arrow); microthermometry indicates 3.7wt% NaCl equiv (XP, sample 30092). (d) Numerous fluid inclusions (black dots) along grain boundaries in quartz aggregates
with salinities ranging from 0.5 to 3.9wt% NaCl equiv. Rectangle indicates area shown in 5e (XP, sample 30092). (e) Detail of 5d; arrows indicate fluid inclusions (XP, sample 30092). (f) Fluid
inclusion (arrow) in jadeite host fromwhich the Raman spectrum in Fig. 6cwas obtained (LPL, sample 31034). (g) Several fluid inclusions (arrows) locatedwithin a jadeite crystal, far removed
from grain boundaries or fissures. Melting and homogenization temperatures were determined for these inclusions (LPL, sample 31034). (h) Fluid inclusions in jadeite for whichmelting and
homogenization temperatures were determined (LPL, sample 30092). Dotted arrows indicate fluid inclusions not in the plane of focus of the photomicrograph.
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high-pressure rocks (e.g., Harlow, 1986; Küster and Stöckhert, 1997;
Shoji and Kobayashi, 1988) and suggests that reequilibration of fluid in-
clusions has occurred during exhumation (e.g., Bodnar, 2003). Based on
the critical criteria summarized by Bodnar (2003), we note that all in-
clusions in which Th was measured in this study are hosted by the
same mineral and are of similar size. The exhumation P-T paths of



Fig. 6. Raman spectra from (a,b) sample 30046 using a Kaiser Raman microscope documenting the intergrowth of a jadeite host with finely intergrown quartz and a fluid inclusion (see
Fig. 5a), and (c) a fluid inclusion within jadeite (sample 31034) showing OH stretching vibrations of H2O using a WITec Raman microscope. This fluid inclusion is shown in Fig. 5f.
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both samples were similar (Krebs et al., 2008, 2011). Despite
reequilibration, the measured homogenization temperatures still yield
internally consistent data populations, an observation that seems un-
likely if decrepitation or leakage had occurred. Therefore, it seems logi-
cal to assume that similar internal overpressures led to similar processes
of stretching in all fluid inclusions (Bodnar, 2003). This important con-
clusion also allows us to view the salinity data as being primary because
stretching would not change these (e.g., Barker, 1995).
Fig. 7. Histograms showing the variation of salinity in fluid inclusions. Numbers indicate avera
brackets. (a) Data of all fluid inclusions in six specimens (n = 125). Jd, Lws, Qz, and Ap rep
boundaries of quartz in sample 30092 are not considered). (b) Data from sample 31034. (c) D
and for Jd and Lws separately. (e) Data from sample 30772. (f) Data from sample 30046. (g) D
The primaryfluid inclusions from the jadeitites and jadeite-rich rocks
of this study show an average salinity of 4.5 ± 1.1 wt% NaCl equiv, a
value that is slightly higher than, but indistinguishable within error
from that of average sea-water (~3.5 wt%, Millero et al., 2008). The
only exception (see below) was found in sample 30092, where fluid in-
clusions aligned along quartz grain boundaries (Fig. 5d, e) yielded lower
values of 2.7 ± 1.3 wt% (Table 2b). Apart from this sample we found no
obvious relationship between the salinity of the inclusions and the type
ge values with standard deviations of one sigma; the number of measurements is given in
resent data from jadeite, lawsonite, quartz and apatite (fluid inclusions along the grain
ata from sample 26322. (d) Data from sample 30092. Averages are given for data in Qz
ata from sample 30101.



Fig. 8. Measured homogenization temperature vs. melting temperature of ice (and
salinities derived from the latter) of fluid inclusions in jadeite from samples 30092 and
31034. Mean homogenization temperatures and mean melting temperatures of ice are
indicated; size of crosses indicates one sigma standard deviation.
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of host grain (jadeite, quartz, apatite or lawsonite) nor their microstruc-
ture, such as grain shape and size, fabric of the jadeite rock, or presence
of quartz or albite in the rockmatrix. Most fluid inclusions occur isolated
from each otherwell insidemineral grains (Figs. 5a, c, f, g, h), confirming
that they are of primary origin and were entrapped during, and in equi-
librium with, jadeitite formation. The similar salinities of primary fluid
inclusions in the different mineral hosts also confirms that jadeite,
lawsonite, apatite and quartz all belong to this same genetic mineral as-
sociation. However, the fluid inclusions that are located along grain
boundaries of quartz aggregates in sample 30092 (see Figs. 5d, e, 7d)
must be genetically distinguished from the primary ones mentioned
above. Such lower-salinity fluids entrapped along grain boundaries
may have experienced modification after initial formation, for instance
by the addition of diluted aqueous fluids. Alternatively, they might
have been trapped at a later stage during the metamorphic evolution,
such as during exhumation. An unexpected outcome of this study was
the detection by Raman spectroscopy of tiny quartz inclusions in jadeite
of the matrix-quartz-free samples 26322 and 31034. Both samples can
be classified as albite-bearing jadeitites (Hertwig, 2014; Hertwig et al.,
2016; Schertl et al., 2012), but the rock fabrics of the two samples differ
from each other. Jadeite in sample 26322 is usually anhedral and
inclusion-rich, whereas in sample 31034 the jadeite occurs as subhedral
to euhedral, relativelymineral-inclusion-poor grains (see Fig. 2a, b). The
Raman studies thus suggest that quartzwas generally present during the
formation of all types of jadeite-rich rocks in the RSJC mélanges, even
those that now have an albite-rich matrix. This observation is important
in constraining the minimum pressures at which these rocks were
formed (e.g., Harlow et al., 2014).

The observed range in derived salinities from individual fluid inclu-
sions (Tables 2a, 2b) could be interpreted to reflect the existence of dif-
ferent saline fluids with an analogous range in salinity, which might be
due to various chemical reactions such as the dehydration of hydrous
minerals with variable Cl/H partitioning and water-rock interaction.
However, the distribution of salinity in each sample looks normal,
with a mean value and a small standard deviation. We therefore inter-
pret this average value and the standard deviation to be due to the sta-
tistical nature of determinations of the relatively homogeneous fluid
present during the growth of jadeite and the other coexisting minerals
in a subduction channel. There is no direct evidence from the studied
samples themselves for coeval serpentinization of the host rocks. How-
ever, as discussed in the introduction, we have an excellent understand-
ing of the regional setting and dynamics of the subduction zone in
which the RSJC formed. These data indicate that serpentinization was
still an active process during the formation of jadeitite and jadeite-rich
rocks.

Comparable salinity data for other jadeite-rich rocks are scarce, but
in general compatible with the present results. Harlow (1986) reported
higher salinities of 8.7 wt% NaCl equiv in jadeite-rich rocks from
serpentinite mélanges in Guatemala, whereas Sisson et al. (2006) pre-
sented a wider range of salinities for the Guatemala rocks, from 3 to 7
wt% for fluid inclusions in jadeitites from localities north of and from 0
to 2 wt% (1 sample) south of the Motagua fault system. Nevertheless,
these are reported values in abstracts only and no further details are
available. Shi et al. (2005) reportedmicrothermometric data for jadeitite
in the Myanmar occurrence, from which salinities of 3 to 9 wt% NaCl
equiv can be calculated if the considerable methane content is
neglected.

An observation of paramount significance is the fact that the trapped
fluids in both “vein precipitation”, “P-type” and “metasomatic alteration”,
“R-type” jadeitites and jadeite-rich rocks are indistinguishable in that
they are aqueous solutions with identical salinities. There is no evidence
that these fluids were particularly rich in silicate solute. Simons et al.
(2010) and Harlow et al. (2016) have discussed the source of solutes
leading to P-type jadeitite precipitation at some length, mainly on the
basis of trace element and isotope signatures. Ultimately, the predomi-
nant source of the aqueous fluids can be expected to be the down-
going altered oceanic crust and entrained sediments (see Section 5.2).
Simons et al. (2010) and Harlow et al. (2016) also see the source of the
solutes necessary to precipitate jadeite in the oceanic crust, but point to
a significant sediment input to explain trace element signatures. The
present study cannot clarify the source of the solute, but it suggests
that the formation of P-type and R-type jadeitites may be more closely
linked than has been assumed so far. Perhapswe need to investigate pro-
cesses in which a pervasive saline fluid in the subduction channel inter-
acts with the down-going slab as well as with magmatic and
metamorphic blocks entrained in themélange. Depending on local gradi-
ents in pressure, temperature and component activities in the
serpentinite mélange of the subduction channel, Na-, Al- and Si-rich sol-
ute can form by dissolution locally and redeposition as jadeitite else-
where, or simply lead to metasomatic modification of existing blocks.

5.2. Aqueous fluids and the jadeitite-rodingite connection

Depending on interpretation, jadeitite has been variously viewed as
precipitating directly from a Na-, Al-, and Si-rich fluid, or alternatively
by fluid-mediated metasomatic recrystallization of a suitable precursor
protolith involving such fluids. We note that rodingite is a metasomatic
rock type in the same environment, in which Ca-rich fluids play a dom-
inant role (e.g., Coleman, 1963; Li et al., 2007, 2017; Palandri and Reed,
2004; Rice, 1983; Schandl et al., 1989). Calcium originating from the
breakdown of clinopyroxene cannot be incorporated into the serpen-
tine structure during serpentinization. Because jadeitite can be
influenced by Ca-rich fluids (as documented by the appearance of
omphacite), a genetic interrelationship can be inferred. Thus, fluid in-
clusions in rodingite should also provide significant information on
the composition of fluids in subduction-zones.

From Guatemala, for instance, Harlow (1994) and Harlow et al.
(2011) reported Ca-phases such as zoisite/clinozoisite, diopsidic
clinopyroxene, calcium amphiboles, grossular, pumpellyite and titanite,
often as constituents of albitites, i.e. altered jadeitites. In the jadeitite oc-
currences of the Rio San Juan Complex as well, a late-stage introduction
of calcium into jadeite-rich rocks and blueschists is observed, as docu-
mented by omphacite rims enveloping jadeite, and omphacitite veins
in blueschists cutting an older generation of pumpellyite- (+lawsonite)
bearing veins (Schertl et al., 2012). Late-stage fluids precipitating
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omphacite have also been reported from the Sierra del Convento in
Cuba (García-Casco et al., 2009).

Wang et al. (2012), on the other hand, described a grossular-bearing
jadeite-omphacite rock from Myanmar that contains fragmented gros-
sular grains annealed by jadeite, as well as replacement textures of
omphacite by jadeite. The rock was interpreted to represent a partially
jadeitized rodingite. Fluids rich in Na, and probably also Al, were pro-
posed to have been derived from protoliths of basaltic composition dur-
ing the rodingitization process (i.e. from the breakdown of plagioclase).
Thus, rodingitization itself may act as an important provider of Na-rich
fluids. Studies by Li et al. (2010, 2017) document that rodingitization
may occur at different crustal levels during subduction as well as during
exhumation,whichmay lead to various generations or pulses of Na-rich
fluids.

As with jadeitites, fluid-inclusion studies from rodingites are scarce,
and unfortunately mainly from relatively low-pressure occurrences.
Schandl et al. (1990) studied primary fluid inclusions in diopside from
small rodingitized gabbroic xenoliths in serpentinite of the Bowman
Mine (Ontario), an ultramafic komatiite sill emplaced at shallow
depth. Using the equation of Potter II et al. (1978) and the final melting
temperature of ice (mean: −0.96 °C, range: 0.1 to −2.4 °C), salinities
ranging from 0 to 4.0 wt% NaCl equiv were derived, which are thus
quite similar to the values from the jadeitites and jadeite-rich rocks of
the Dominican Republic. On the other hand, studies from the JM Asbes-
tos mine (Quebec) by Normand and Williams-Jones (2007) indicated
considerably higher salinities. These authors found several episodes of
rodingitization at different P-T-conditions (salinities of 7.6–25.0 wt%
NaCl equiv at ~0.25–0.45 GPa/290–360 °C, and ~23.6–26.9 wt% NaCl
equiv at lower pressures and 325–400 °C,). Only during late-stage con-
ditions (b200 °C) are the fluid inclusions characterized by “low” salin-
ities of 8.1 wt% NaCl equiv. All types of fluid inclusions are reported to
contain a carbonic component, dominantly CH4.

These limited results are not systematic enough to allow further in-
terpretation, but studies of fluid inclusions from rodingite and jadeitite
from a similar depth range would be of great interest. However, these
studies do demonstrate a change in fluid composition with time in
several “serpentinite-subduction-zone environments”.

5.3. Jadeitite fluid-inclusion salinity data and fluids in the serpentinitized
subduction-zone channel

The occurrence of jadeitites and jadeite-rich rocks is restricted to
serpentinite mélanges that represent exhumed fossil subduction-zone
channels (see review by Harlow et al., 2014). Therefore the present
fluid-inclusion data can be interpreted in terms of a well-constrained
geological setting. Although fluid-inclusion studies for other high-
pressure rocks exist, in most cases it is far more difficult to identify the
factors influencing the composition of the trapped fluids. Some studies
reveal similarities while others document distinct differences. For in-
stance, Barr (1990) reported 4 wt% NaCl equiv in garnet and 6–8 wt%
NaCl equiv in quartz veins in blueschist-facies rocks from Syros,
Greece. Giaramita and Sorensen (1994) reported data onfluid inclusions
in omphacite for low-temperature eclogites (4 wt% NaCl equiv) from
Samaná, Dominican Republic, and the Franciscan, California (3–5 wt%
NaCl equiv). In addition, these authors reported saline fluid inclusions
having 1.2–3.3 wt% NaCl equiv from the Catalina schist of California,
USA. In contrast, some studies describe brines (10–45 wt% NaCl equiv)
in multiphase fluid inclusions from high-pressure metamorphic rocks
from the Alps and the Dabie-Sulu ultra-high-pressure metamorphic
belts (Ferrando et al., 2005; Fu et al., 2002; Philippot and Selverstone,
1991; Philippot et al., 1998). For example, Philippot and Selverstone
(1991) reported fluid inclusions in omphacite from eclogitic veins in
the Monviso ophiolitic complex in the Western Alps (5–15 wt% NaCl
equiv). Omphacite grains of eclogite-facies metagabbros in Rocciavre
of the Italian Alps were found to contain fluid inclusions with salinities
of 32–45 wt% NaCl equiv (Philippot et al., 1998). Furthermore, Fu et al.
(2002) described a variety of fluid inclusions with variable salinities
and with different gas species in eclogite and garnet clinopyroxenite
from the Dabie-Sulu ultra-high-pressure metamorphic belts. Philippot
et al. (1995) reported fluid composition in coesite-bearing rocks of the
Dora-Maira massif, Western Alps, and found complex groups of saline
fluid inclusions of the final retrogressive stage containing 0–6 wt%
NaCl equiv. Brine inclusions can be a sign of melting, which has been
suggested to be common in high- and ultra-high-pressuremetamorphic
rocks such as eclogite- and granulite-facies rocks (Zheng and Hermann,
2014). This is consistent with the observation of brine inclusions in peak
metamorphic minerals and diluted, seawater-like fluid inclusions in
minerals formed during retrograde stages like those observed by
Philippot et al. (1995). Such brines can represent residual fluids after
the formation of multiphase inclusions. Possibly, these multiphase
brine inclusions themselves were formed by partial melting (Zheng
and Hermann, 2014). Also, some brine can be formed by separation
from water-saturated melts, because such separation results in higher
Cl/H2O of aqueous fluids due to the preference of Cl for the aqueous
fluids than for silicate melts (Kawamoto et al., 2012, 2014).

The jadeitite and jadeite-rich rocks of the present study formed at 30
to 50 km depth (Hertwig, 2014; Hertwig et al., 2016; Krebs et al., 2008,
2011; Schertl et al., 2012) in the deep forearc region of the subduction
zone at temperatures of 350 to 500 °C and thus well below the onset
of melting (e.g., Lambert and Wyllie, 1972; Nichols et al., 1994). Geo-
physical studies can help in attempts to interpret the measured salinity
values in a serpentinite subduction channel. Recent advances in
magnetotellurics now allow electrical conductivity tomographic images
on the scale of kilometers (e.g., Wannamaker et al., 2014; Worzewski
et al., 2011) to be constructed. Reynard (2016) has recently summarized
how these data may be used to infer the salinity of an interconnected
aqueous fluid in serpentinites of the serpentinizing subduction channel,
a geological setting anlogous to the serpentinite mélanges of the RSJC.
Serpentinite itself is a poor conductor, so that the observed electrical
conductivity is a function of fluid fraction and its salinity. Assuming a
reasonable maximum fluid fraction of 3% (Reynard, 2016), the salinity
of the saline fluid in the subduction channel can be estimated.
Reynard (2016; see also Ito et al., 1983; Reynard et al., 2011) assumes
fluid moving from subducting altered oceanic crust into the
serpentinizing subduction channel is characterized by a salinity of less
than ~1 wt% NaCl equiv (produced in the altered oceanic crust by the
mixing of subducted pore seawater and 6–12 volumes of pure water
from dehydration reactions). As serpentinization in the subduction
channel proceeds and the incoming H2O from the subducting oceanic
crust is consumed, the salinity of the fluid in the channel increases.
Reynard (2016) documents that in hot subduction zones with rapid
serpentinization (e.g., Ryukyu-Kyushu) conductivities suggesting fluids
with N10 wt% NaCl equiv can be reached. In cold subduction zones, the
influx of dilute fluids from the subducting altered crust counteracts the
effect of slow serpentinization and the salinities in the serpentinite re-
main low. If serpentinization ceases, the influx of dilute fluids will also
decrease any high salinities that may have been reached. The RSJC sub-
duction zone began as a hot featurewell before 120 Ma and had evolved
to a cool subduction zone by 70–80 Ma (Krebs et al., 2008, 2011), so
that, in the model of Reynard (2016), serpentinization in the RSJC mé-
lange should have been rapid at first and slower as the serpentinite
channel evolved. We can speculate that the salinities observed in the
fluid inclusions of the present study provide a snap-shot view of local
fluid conditions at the time of their formation (70–80 Ma) in the RSJC
subduction zone. According to the model of Reynard (2016), values of
4.5 wt%NaCl equivwould indicate that serpentinizationwas still a fairly
active on-going process, a conclusion that agrees with what we know
about the dynamics of the RSJC subduction zone (Krebs et al., 2008,
2011). The spread of values reported by Harlow (1986) and Sisson
et al. (2006) could be interpreted as reflecting different states in
time or space within the subduction channels of the Guatemalan
subduction-zone complex.
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The present results are also a further step toward studying system-
atic variations in salinity in a subduction-zone/arc system. Scambelluri
et al. (2004) presented a model of saline fluids dehydrating from ser-
pentine and suggested decreasing salinitywith increasing pressure dur-
ing subduction processes. Such a suggestion can be tested by fluid-
inclusion studies in jadeitites or rodingites from various depth levels
in the subduction channel. As the volcanic front is reached, aqueous
fluid inclusions can also be studied directly in volcanic products.
Kawamoto et al. (2013) studied peridotite xenoliths derived from the
mantle wedge below the volcanic front and determined a salinity of
5.1 wt% NaCl equiv. Kumagai et al. (2014) reported 3.7 wt% NaCl equiv
from the rear-arc side. As described above (e.g., Reynard, 2016), geo-
physical observations suggest the existence of saline fluids in subduc-
tion zones. Because the electrical conductivity is a function of both
salinity and volume fraction of the fluid (Reynard, 2016; Shimojuku
et al., 2014), an estimate of representative fluid salinity can also allow
the volume fraction of saline fluid to be calculated.
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