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Lithium behavior in slab-derived fluids has been constrained using isotope geochemistry of subduction-related
metamorphic and volcanic rocks. We investigated a veined jadeitite from the New Idria serpentinite diapir,
California, which is regarded as direct precipitates from slab-derived fluids and therefore records slab-derived
fluid signatures. We applied an in-situ measurement of Li concentration and δ7Li composition using an ablation
volume correction (AVC) LA-MC-ICPMS. This method enabled determinations of millimeter- to submillimeter-
scale isotopic variations in the jadeitite veins and host rocks (jadeite matrix), allowing immediate observations
on fluid–rock interactions.Multiple-stage jadeite veins and their host rocks showed awide range of Li concentra-
tions from4 to68 μg/g and δ7Li compositions from−11.7 to+6.7‰, with a curvilinear correlation between them.
Individual veins formed indifferent generations also showedwide isotopic variations as large as ~14‰. Those iso-
topic and compositional variationswithin/among veins can be readily explained by variable mixing between the
matrix and infiltrated fluids. The initial infiltrated fluid compositions were estimated to be between +6.7 and
+12.3‰, based on the δ7Li values of jadeites in the veins that were supposed to be unmodified by interactions
with their matrices. The estimated fluid composition is mostly consistent with those inferred for slab-derived
fluids proposed by previous studies. The New Idria jadeitite provides a line of evidence for the presence of
high δ7Li fluids in the mantle wedge at the forearc depth. Our study also demonstrates that the high δ7Li compo-
sition of slab-derived fluids can be easily modified by interactions with surrounding rocks along their pathways.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding slab-derived fluids is potentially important to solve
chemical differentiation in the Earth's interior and the accompanying
geologic process, because slab-derived fluidswith chemical and isotopic
variability affect the compositions of arc lavas, mantle wedge perido-
tites, and metamorphic rocks in the slab–mantle interface (e.g.,
Tatsumi and Eggins, 1995). In order to decode the fingerprints of slab-
derived fluids in natural rocks and to understand fluid-mediated
processes, various geochemical tracers have been used.

In the last two decades, lithium isotope geochemistry has been con-
sidered to be a good tracer formantle-crust recycling,fluid-rock interac-
tion, and fluid mixing and as a geospeedometer (e.g., Halama et al.,
2011; John et al., 2012; Marschall et al., 2007; Millot et al., 2010;
Penniston-Dorland et al., 2010, 2012; Simons et al., 2010; Taetz et al.,
ce, Graduate School of Science,

. Takahashi).
2018; Yang et al., 2015; Zack et al., 2003), due to its mobility in fluids
(Brenan et al., 1998) and high isotope fractionation by differences in
bond energies between solid and fluid (e.g., Wunder et al., 2006,
2007) and in diffusivities for the two isotopes (6Li and 7Li) (e.g.,
Richter et al., 1999, 2003). However, the slab-derived Li signature and
its contributions to arc magmas remain a matter of debate. Zack et al.
(2003) first found very light Li isotopic ratios (hereafter denoted as
δ7Li = [(7Li/6Li)sample/(7Li/6Li)SRM8545–1] × 1000) in eclogites from the
central Alps; they proposed the Rayleigh dehydration model of
subducting slabwhich postulates that a continuous dehydration caused
lighter values in dehydrated rocks and hence progressively slab-derived
fluids in ascending order of reaction depth. However, experimental stud-
ies (Wunder et al., 2006, 2007) andmetamorphic rock data from various
localities broughtnew insights; dehydrationof slabmaterials can cause Li
isotopic fractionation between subducting slab and dehydration fluids of
only b3‰ (Marschall et al., 2007). Therefore, slab-derived fluids might
retain a high δ7Li signature inherited from a pre-subducted slab com-
posed of altered mid ocean ridge basalt (MORB) (−2.1 to +20.8‰;
Chan et al., 1992; Chan et al., 1992, 2002a; Bouman et al., 2004) and
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Fig. 1. Amap showing sample localities and exposures of the serpentinites and Franciscan
(FRC) metamorphic rocks. The base map was created using GoogleEarth and the USGS's
California geologic map data (https://mrdata.usgs.gov/geology/state/state.php?state=
CA). The investigated jadeitite was collected at Clear Creek in the New Idria serpentinite
body.
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Fig. 2. Scanned image of a polished surface of the investigated jadeitite, showing a cross-
cutting relationship between the matrix and veins. The weakly-foliated, pale-greenish
jadeite matrix is cut by multiple white jadeite veins of various widths. Yellow dashed
lines represent the alignment of foliation.
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sediments (−1.7 to +23.33‰; James and Palmer, 2000; Bouman et al.,
2004; Chan et al., 2006). The eclogite blocks inmélange in the Franciscan
Complex of California record infiltration of high δ7Li external fluids
forming a retrograde blueschist layer (+2.7 to +4.4‰; Penniston-
Dorland et al., 2010). Benton et al. (2004) investigated serpentinite
muds from the Mariana forearc and found elevated positive δ7Li values
(+4.3 to+7.5‰). Although these studies suggest that slab-derivedfluids
have ahigh δ7Li composition,most studies have reported that arc basaltic
rocks globallyhave δ7Li valuesof +1.1 to+7.6‰,with someup to11.2‰
(Chan et al., 2002b;Moriguti andNakamura, 1998; Tomascak et al., 2000,
2002), which are similar to those of unaltered MORB (+1.6 to +5.6‰:
Tomascak et al., 2008).

In this study, we chose a veined jadeitite from the New Idria
serpentinite body, California to reveal the slab-derived Li signatures, be-
cause it is regarded as precipitates of slab-derived fluids and has been
considered useful for constraining slab fluid composition as well as
fluid-mediated metasomatic processes (e.g., Flores et al., 2013; Harlow
et al., 2015; Sorensen et al., 2006; Tsujimori and Harlow, 2017). The ad-
vantage of the New Idria jadeitite is that the textures of mineral precip-
itations from fluids and the chemical compositions of vein-filling
jadeites both mostly survive against modifications by later events
(Takahashi et al., 2017). A pioneering study by Simons et al. (2010)
reported whole rock δ7Li compositions of jadeitites from some global
localities; they showed δ7Li compositions ranging from −1.16 to
+2.46‰ and suggested that the jadeitite-forming fluids were mixtures
of fluids from bulk altered oceanic crust (AOC) and sediment. However,
jadeitite-formations are characterized by multiple stages of fluid
infiltration and precipitation including later re-crystallization and
re-precipitation (e.g., Sorensen et al., 2006; Tsujimori and Harlow,
2012). Therefore, whole rock δ7Li composition of jadeitites does not
have enough resolution deciphering the fluid-records in the rocks. To
avoid complexities from secondary whole rock modification (metaso-
matic gains and losses of fluid-mobile elements during exhumation)
and to take advantage of fossilized multiple-stage fluid-infiltrations
with crystal precipitations, we applied an in-situ Li isotope study on
the veined New Idria jadeitite using a laser ablation-multiple collec-
tor-inductively coupled plasma mass spectrometry (LA-MC-ICPMS)
technique newly developed by Kimura et al. (2016).

In this paper, we mainly report results of in-situ Li isotopic analyses
for New Idria jadeitite. We also report trace element concentrations of
the jadeitite with various occurrences using a LA-ICPMS. Based on the
petrological and CL microscopic study (Takahashi et al., 2017) and
new Li isotopic and trace element data of the jadeitite, we characterize
behaviors in the slab-derived fluids that formed the multiple-stage
veins, and interpret jadeitite-forming fluids at a sub-forearc depth.

2. Geological background and sample description

The investigated jadeitite was collected from the tectonic blocks
enclosed within the New Idria serpentinite body (Fig. 1). The New
Idria serpentinite body is located in the southern extension of theDiablo
Range of the California Coast Ranges between the San Andreas fault on
the west and the San Joaquin Valley on the east. The serpentinite body
has been considered to be an on-land analogue of active serpentinite
diapirs (Atwater et al., 1990; Coleman, 1986; Cowan and Mansfield,
1970; Tsujimori et al., 2007) and to rise from mantle depths, because
it encloses blocks of high-grade eclogite which a peak metamorphic
condition of T = ~580–620 °C at P N 1.3 GPa (Tsujimori et al., 2007).
Although the serpentinite body consists mainly of chrysotile-lizardite
serpentinite, the tectonic blocks are surrounded by antigorite
serpentinite (Coleman, 1961; Tsujimori et al., 2007).

The investigated jadeitite consists of a pale-greenish and nearly
monomineralic jadeitite matrix cut by multiple-stage white jadeite
veins (Fig. 2). The matrix is composed mainly of fine-grained impure
jadeite with trace amounts of omphacite, Cr-rich omphacite, zircon,
allanite and rare titanite; a weak foliation is defined by preferred
orientation of the fine-grained jadeite. Thematrix has a formation tem-
perature suggested to be b~300 °C because of a wide compositional gap
between coexisting jadeite and omphacite. The white veins consist
solely of jadeite, which has nearly pure end-member jadeite composi-
tion (NaAlSi2O6). Vein-filling jadeites are characterized by a comb-like
structure in which jadeite crystals grow perpendicular to the vein
walls, abundant primary fluid inclusions, and oscillatory zoning, which
indicate direct precipitation of the crystals from aqueous fluids. Primary
fluid inclusions (H2O and CH4) are commonly found in vein-filling jade-
ites. The veins were formed within the jadeite stability conditionwith a
temperature below the brittle–ductile transformation of jadeite. The
mineralogy of the investigated jadeitite and associated metamorphic
rocks have been described by Coleman (1961), Tsujimori et al. (2007),
and Takahashi et al. (2017) in detail. In this study, trace element and
Li isotopic compositions of the jadeite were analyzed in-situ in both
the pale-greenish matrix and the white jadeite veins.
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3. Methods

Thick-sections including multiple generation veins of the New Idria
jadeitite were prepared and one side surface polished for in-situ trace
element and Li isotopic composition analyses. Thin-sections were also
made from the opposite surface of the polished thick-sections for
observations of the same veins under a petrologic microscope. The
polished thick-sections were photographed for CL microscopy, and de-
tails of the CL method are referred in Kayama et al. (2011) and
Takahashi et al. (2017).

Electron microprobe analyses of the jadeitic clinopyroxenes were
carried out with a JEOL JXA-8230 at Okayama University of Science.
The analyses were performed with 15 kV accelerating voltage, 12 nA
beam current and 3 μm beam size. Natural and synthetic silicates and
oxides were used as standards for calibration. The ZAF (oxide basis)
method was employed for matrix corrections.

Trace elements (Li, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Cs,
Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl,
Pb, Th, and U) in the jadeitic clinopyroxenes were simultaneously de-
termined with major elements (SiO2, TiO2, Al2O3, FeO, MnO, MgO,
CaO, Na2O, K2O, and P2O5) by LA-ICPMS at JAMSTEC; the analysis
was performed using an OK Laboratory OK-Fs2000K 266 nm femto-
second laser ablation system with a laser fluence ∼12 J/cm2 at the
sample surface at 10 Hz laser pulse repetition rate coupled to a
Thermo Fisher Scientific iCAP-Q quadrupole ICPMS. The crater after
laser ablation was ∼70 μm in diameter and ∼30 μm in depth. Standard
materials were provided by the United States Geological Survey
(USGS), and the BHVO-2G glass used to calibrate all the analyses
was made using GSE-1G glass as the standard. Details are referred to
Kimura and Chang (2012).

Li isotopic compositions (7Li/6Li) were determined by LA-MC-ICPMS
at JAMSTEC; the analysis was performed using an OK Laboratory
OK-EX2000 193 nm nanosecond excimer laser ablation system oper-
ated with ∼10 mJ/cm2 laser fluence on the sample surface with laser
pulse repetition rate at 10 Hz, coupled to a Thermo Fisher Scientific
Neptune multiple Faraday-collector ICPMS. The crater after laser abla-
tion was ~100 μm in diameter and ∼45 μm in depth. Calibration was
accomplished by bracketing reference materials SRM 612 glass with
7Li/6Li = 12.553 provided by the National Institute of Standards and
Technology (NIST). Ablation volume was determined on both the stan-
dard glass and the sample jadeite using a digital microscope Keyence
VHS-5000. Mass loading dependent 7Li/6Li isotopic fractionation in the
MC-ICPMS and Li concentration in the jadeite samples were corrected
for and determined by using the ablation volume correction (AVC) pro-
tocol. Thismethodwas newly developed by Kimura et al. (2016) and al-
lows simultaneous determinations of Li concentration and δ7Li from the
same laser crater; this study is the first application of their method. Iso-
topic compositions for Li are normalized to the reference isotope com-
position 7Li/6Li = 12.17 of NIST SRM 8545 (LSVEC, Li carbonate
[Li2CO3]) by δ7Li = [(7Li/6Li)sample/(7Li/6Li)SRM8545–1] × 1000. Both the
repeatability and the laboratory bias of δ7Li measurements using the
AVC protocol were within ±1‰ (2SD). Details of the method can be
found in Kimura et al. (2016).
4. Results

4.1. Microstructures

In the investigated sample, subcentimeter-scale to submillimeter-
scale white jadeite veins of multiple generations cut the pale-greenish
weakly-foliated matrix (Fig. 2). The cross-cutting relationships of
those veins define the relative timing of crack-sealing and jadeite pre-
cipitation events. Microstructural analyses show at least four vein
phases: v1, v2, v3 and v4 (Fig. 3). The v1 is the earliest form of vein, and
is cut by v2, v3 and v4. Although the v4 veins are further divided into
v4a and v 4b, the cross-cutting relationship is not clear. Vein-widths
tend to be narrower for later.

The vein v1 consists mostly of coarse-grained, euhedral, and fibrous
jadeites oriented perpendicular to the vein walls (Fig. 3a, b). The crystal
size ranges from small near the vein walls to as big as from one side to
the other of the vein. The boundary between the v1 and the matrix is
not clear as some crystals seem to penetrate the matrix. Color CL
image shows dark luminescent portions in the v1 margin. Narrow
bands consisting of subhedral to euhedral, Ca, Mg and Fe-rich impure
jadeites are found only in the v1 margin (Fig. 3c). The v2 crosscutting
v1 also consists mostly of coarse-grained euhedral to subhedral and fi-
brous to blocky jadeites oriented perpendicular to the vein walls (Fig.
3d, e). Blocky textures are produced by primary crystallization and not
re-crystallization; CL images show remarkable oscillatory growth zon-
ing. Color CL image also shows dark luminescence of impure jadeites
in the v2 margin. The v3 is characterized by coarse-grained, euhedral
and fibrous jadeites oriented perpendicular to the vein walls. The latest
v4a and v4b are found as small veinlets, and the orientation of the vein-
filling jadeites is aligned to a foliation of the pale-greenish matrix (Fig.
3d, f). Compositional differences of major and trace elements for each
site are described below.

4.2. Major elements

Representative electron microprobe analyses are given in Table S1
and Takahashi et al. (2017); a compositional traverse on a line perpen-
dicular to a jadeitite vein is shown in Fig. 4. The traverse across the v1
(Fig. 4) reveal an increase in impurities from the center to the vein
walls. The veins consist solely of jadeitewith a nearly pure end-member
jadeite composition (Jd95–100; 0.01–0.68 wt% CaO, 0–0.56 wt% MgO; 0–
1.5 wt% FeO), whereas the matrix has significant impurities with a var-
iable CaO (0.12–5.37 wt%), MgO (0.01–3.69 wt%), and FeO (0.22–4.46
wt%) (Jd72–100). Color CL image shows dark luminescent portions in
the v1 margin (Fig. 3a), which have also impurities of CaO, MgO, and
FeO (Jd86–97; 0.39–1.85 wt% CaO, 0.22–0.64 wt% MgO, 0.39–2.42 wt%
FeO). Bands consisting of subhedral to euhedral, Ca, Mg, and Fe-rich
impure jadeites in the v1 margin contain 2.63–3.99 wt% CaO,
1.89–2.97 wt% MgO, and 1.30–3.83 wt% FeO (Jd74–82).

We have reported fairly good agreements between EPMA and LA-
ICP-MS major element results elsewhere (Kimura and Chang, 2012).
For the present dataset, we compared the results of averaged vein and
matrix compositions. Analytical biases for major elements (N1 wt%)
were shown to be SiO2 b 0.8%RD (%RD: % relative deviation), Al2O3 b

2%RD, FeO b 11%RD, MgO b 8%RD, CaO b 6%RD, and Na2O b 1.5%RD,
with overall correlation of element abundances given by YLA-ICPMS =
0.9936 × XEPMA and a r2 = 0.9999 correlation coefficient.

4.3. Trace elements

The trace element concentrations of 31 analyzed spots at matrix
jadeites and vein-filling jadeites (v1, v2, v3, v4a and v4b) in the New
Idria jadeitite are shown in Table S2. Spot analyses found several impor-
tant characteristics: (1) The jadeite we investigated is enriched com-
pared to N-MORB in some large-ion lithophile elements (LILEs) — Li
(≤48 μg/g) and Cs (≤8 μg/g)— and some high field strength elements
(HFSEs)\\Ta (≤3 μg/g), Nb (≤234 μg/g), U (≤3 μg/g), and Th (≤6 μg/g)
—. These features can be recognized as prominent spikes in the N-
MORB normalized trace elements patterns plotted in Fig. 5. (2) Overall,
trace element abundances varywidelywithin a sample and a vein, in up
to two orders of magnitude. Within a sample, later precipitated veins
(v3, v4a, and v4b) show higher abundances of almost all trace elements,
excepting HFSEs, than in the earliest precipitated vein (v1). Within
veins, v1 and v2 have large variations, although no variation could be
found from v3, v4a, and v4b due to a limited number of LA-ICPMS analy-
ses. (3) In the v1, the vein margin has high abundances of almost all
trace elements except HFSEs and no strongly positive Eu anomaly in
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contrast to the center of the vein. (4) Thematrix shows clearly different
patterns from vein-filling jadeites; they have higher abundances of al-
most all trace elements and no strong peaks of Nb and Ta compared to
the veins. Although data onmatrix jadeites are limited to one spot anal-
ysis, the feature of thematrix jadeites is supported by the analysis of the
v1 +matrix boundary (spot tr# 25; see Table S2), which also shows a
trace element-rich pattern. (5) The Li versus CaO plot (Fig. 6) suggests
that purer, i.e., close to end-member composition jadeites contain
more Li than impure jadeites. Moreover, the chemical compositions of
veinmargins and later precipitated veins are closer to that of thematrix.

4.4. Lithium concentration and isotopic composition

The Li concentration and δ7Li composition of 40 analyzed spots at
matrix and vein-filling jadeites (v1, v2, v3, and v4a) in the New Idria
jadeitite are shown in Table 1 and Fig. 8. Our data suggest that: (1) Li
concentration and δ7Li within the jadeites varied widely ranging from
4 to 68 μg/g and from −11.7 to +6.7‰, respectively; these values
show distributions along a curvilinear correlation regardless of the
vein generation and the occurrence. (2) Li concentration and δ7Liwithin
an individual vein also vary widely. For example, the v1 shows Li con-
centrations ranging from 8 to 68 μg/g and δ7Li ranging from −6.9 to
+6.7‰; the v1 margin has low Li concentration and δ7Li relative to the
center of the vein. In addition, the v2 shows Li concentrations ranging
from7 to 19 μg/g and δ7Li ranging from−11.7 to+1.6‰. The extremely
low−11.7% δ7Li was found near the vein walls, although the other side
of themargin which is not in contact with thematrix did not show such
low values. (3) Li concentration and δ7Li among the veins tend to have
higher Li concentration and δ7Li in earlier precipitated veins than in
veins precipitated later. This relation is at least shown by the mean
values of v1 (26 μg/g and +1.5‰) and v2 (11 μg/g and −2.5‰) from
N10 spots analyses conducted on them. (4) The matrix shows low Li
concentrations ranging from 6 to 13 μg/g (mean: 9 μg/g) and low δ7Li
compositions ranging from −10.8 to−4.4‰ (mean: −8.2‰).

5. Discussion

5.1. Vein formation conditions

Vein microstructures preserve mineral growth conditions during
vein formation. The investigated jadeite veins are mostly syntaxial
veins where the vein-filling minerals grow from both sides of vein
walls towards the center (e.g., Bons et al., 2012). The different growth
rates of individual vein-filling jadeites result in growth competition as
a characteristics of syntaxial veins (e.g., Okamoto and Sekine, 2011). In
general, wall-rock inclusions, secondary minerals, or fluid inclusions
are found at the frontal surfaces of the syntaxial vein growth, which re-
veal crack-sealing events during vein formation (e.g., Ramsay, 1980). As
descried above, thin bands consisting of euhedral Ca,Mg and Fe-rich im-
pure jadeites (Jd74–82) were observed only in the v1 and these jadeites
have similar composition to those in the matrix. The observed vein mi-
crostructures imply that jadeite veins in the New Idria jadeitite formed
from single- or two-cracking eventswhich created the space for jadeites
to grow into. Moreover, major and trace element analyses revealed that
jadeites in the veinmarginswhich have impurities of CaO,MgO and FeO
(Jd86–97) and trace elements-rich characteristics in contrast to the pure
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jadeites (Jd95–100) from vein centers, were affected by thematrix which
also contains significant impurities (Jd72–100). These results imply disso-
lution of thematrix jadeite into infiltrating fluids and re-precipitation of
impure jadeites with intermediate compositions between the matrix
and infiltrating fluids near the vein walls during the earliest stage of
Li Cs Rb K Ba Pb Sr La Ce Pr Nd SmEu G

10 3

10 1
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103 v1
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v1 + matrix
v2
v2 margin
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Fig. 5.N-MORB normalized trace element patterns of the New Idria jadeitite. Normalization fact
and Staudigel et al. (1996).
vein formation. Subsequent (re-fracturing and) precipitation of newly
infiltratingfluids formed pure jadeites in the center of the veins. Narrow
veinlets (v4a and v4b) are also supposed to be chemically affected byma-
trix components.

The observations described above strongly suggest that the chemical
compositions derived from a pristine fluid that formed earlier precipi-
tated veins were likely not affected by chemical components derived
from the matrix, except for the vein margins which were in contact
with the matrix. Moreover, the later precipitated veins, which were
more enriched in CaO, MgO, and FeO, are supposed to have experienced
greater interactions between infiltrated fluids and the matrix as fluid
circulation in the host rock proceeded.
5.2. The source of jadeite-forming fluid

Global jadeitite-forming fluids have multiple sources or evolution
steps in their composition along their flow paths, which have suggested
by CL-guided trace element and oxygen isotope data (Sorensen et al.,
2006). Oxygen isotopes of red and blue-CL domains are different from
those of green-CL domains in the Myanmarese jadeitite (Sorensen et
al., 2006), which implies that the difference of CL color may reflect mul-
tiple sources of jadeitite-forming fluids. The New Idria jadeitite also
shows distinct repeated zoning in ~50 μm scales of red-CL and blue-CL
domains corresponding to their compositional differences (Takahashi
et al., 2017). However, oxygen isotopes of red- and blue-CL domains
in the New Idria jadeitite show relatively homogeneous values with a
high δ18O composition (+8.4 to +9.9‰; Sorensen et al., 2006). The dif-
ference of CL color in the New Idria jadeitite may thus reflect not multi-
ple sources of fluids, but instead, it would be a self-organization process
inherent to the crystallization mechanism without intervention of an
external fluids (e.g., Wang and Merino, 1992). The high δ18O composi-
tion also implies that the jadeite-forming fluids were derived from
low-temperature altered sediments or oceanic crust. Patterns of N-
MORB normalized trace elements (see Fig. 5) show a similarity to that
of global subducted sediment composite (GLOSS) from Plank and
Langmuir (1998), which has the potential to elevate LILEs, U, Th, Zr,
Nb, and Ta (Harlow et al., 2015). Taking this into account, our trace
d Dy Ho Er Yb Lu Hf Ta Y Zr Nb Ti Th U

v3
v3 margin
v4a
v4b (+ v1)
matrix

Global subducting sediment

Altered oceanic crust
(Plank and Langmuir, 1998)

(Staudigel et al., 1996)

his study)

or and reference values are fromMcDonough and Sun (1995), Plank and Langmuir (1998)
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Table 1
In-situ Li concentration and δ7Li analysis values of the New Idria jadeitite.

Spot iso# Remark Li, μg/g error (2σ) δ7Li, ‰ error (2σ)

Jade-2 v1 10.9 1.1 −3.8 1.7
Jade-3 v1 5.6 3.5 −0.7 1.6
Jade-9 v1 13.8 0.5 −0.6 1.3
Jade-10 v1margin⁎ 10.2 3.5 −4.8 1.9
Jade-11 v1 28.6 5.5 5.8 0.9
Jade-12 v1 68.3 1.1 6.7 0.9
Jade-13 v2margin⁎ 13.5 0.9 −1.8 1.3
Jade-14 v2 15.0 0.3 1.1 1.2
Jade-15 v2 11.7 1.5 −3.0 1.4
Jade-16 v2 18.7 0.8 0.7 1.3
Jade-17 v2 10.4 0.7 −0.4 1.5
Jade-18 v2 14.0 1.4 −2.3 1.2
Jade-19 v2 16.1 0.5 −0.3 1.6
Jade-20 v2 8.2 1.4 −4.3 1.9
Jade-22 v2 7.5 0.5 −2.9 1.9
Jade-23 v2 8.7 0.4 −1.9 2.2
Jade-24 v2 18.8 1.0 1.6 1.1
Jade-25 v2 7.9 0.6 −6.1 2.2
Jade-26 v2 7.0 0.4 −11.7 2.4
Jade-27 v2margin⁎ 6.9 0.3 −4.9 2.0
Jade-30 v2 7.5 0.3 −5.0 2.4
Jade-31 matrix 7.2 0.4 −10.8 2.9
Jade-32 v1margin⁎ 16.8 1.1 −0.2 1.4
Jade-33 v1 32.8 2.4 4.8 1.1
Jade-34 v1 33.1 1.7 3.3 0.8
Jade-35 v1 26.3 2.7 0.0 1.6
Jade-36 v1 23.7 2.0 1.2 1.7
Jade-37 v1 24.9 1.2 5.3 1.0
Jade-38 v1 34.3 1.9 4.9 1.2
Jade-39 v1 38.6 3.2 4.7 1.1
Jade-41 v4a 4.3 0.1 −8.1 3.4
Jade-42 v4a 4.0 0.1 −8.8 4.1
Jade-43 matrix 9.9 0.4 −8.6 1.6
Jade-46 matrix 12.9 0.5 −4.4 1.5
Jade-51 v1 10.9 0.4 −3.2 1.4
Jade-52 v3 11.2 0.4 −5.9 1.4
Jade-53 v3 10.5 0.3 −8.0 1.7
Jade-54 v3 6.5 0.1 −9.5 2.5
Jade-55 v3 11.4 0.3 −1.5 1.7
Jade-57 matrix 6.3 0.2 −8.9 2.7

⁎ Vein margin is defined by the spot within ~100 μm from the boundary between the
matrix and the vein.
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element analyses suggest that theNew Idria jadeite-formingfluidswere
derived metasedimentary rocks.

We compare the New Idria vein-filling jadeites with experimen-
tally determined fluid compositions in equilibrium with Plank and
Langmuir (1998)’s GLOSS and upper continental crustal materials,
i.e., metamorphosed sediments at 2.5 GPa and 600 °C (Hermann
and Spandler, 2008) (Fig. 7). Note that the experimental conditions
have much higher pressure and temperature than the New Idria
jadeitite-forming P–T regime; due to the difficulty of performing ex-
periments at low-temperature, such data are extremely limited in
the literature. Moreover, Kimura et al. (2014) and Kimura (2017)
proposed elemental mass balance in the subducted slab layers, in-
cluding considerations on prograde metamorphism of the host
protoliths and chromatographic reactions of the dehydration fluid
in the hosts; low temperature (~2 GPa and 300 °C) slab fluid compo-
sitions calculated using the Arc Basalt Simulator ver.5 (ABS5) model
for sediment and AOC compositions (Kimura, 2017; Kimura et al.,
2014) are also plotted in Fig. 7. Although the degree of equilibration
between precipitated jadeites and jadeite-forming fluids could not
be quantified, the fluid composition in equilibriumwith the vein-fill-
ing jadeites can also be calculated using trace element partitioning
coefficients between clinopyroxene and aqueous fluid which were
determined by piston-cylinder experiments at 1.0 GPa and 950 °C
(Adam et al., 2014).

Notwithstanding the assumptions with large uncertainties, the key
features of the trace element patterns of experimentally determined
fluids in equilibrium with sediments resemble those of the New Idria
vein-filling jadeites themselves and the fluid compositions calculated
from the vein-filling jadeites, in terms of REEs, U, and Th. Slabfluid com-
position calculated using the ABS5 model for the sediment is relatively
more similar to that of the New Idria jadeitite than AOC composition.
In contrast, Nb and Ta showing strong positive spikes in the New Idria
vein-filling jadeites and their fluids are exceptions. Possible reasons
for high Nb and Ta concentrations in the New Idria jadeitite include:
(1) Nb and Ta are highly concentrated in the jadeite-forming fluids
due to a lack of rutile in the fluid source, which largely controls the bud-
get of these elements in the oceanic crust (e.g., John et al., 2011). (2) The
publishedmineral–aqueousfluid partitioning coefficient determined by
high-temperature experiments cannot be applied to the New Idria
jadeitite, which formed at low temperature, because of its high temper-
ature-dependence. (3) Other factors such as crystal-chemical effects
(Blundy and Wood, 1994; Marks et al., 2004), which might play a sub-
ordinate role in element partitioning.

5.3. Lithium concentration and isotope systematics

In-situ Li concentration and δ7Li analyses in this study detected the
variations in the millimeter- to submillimeter-scales. The New Idria
jadeitite shows wide variations of Li concentration and δ7Li, ranging
from 4 to 68 μg/g and from−11.7 to +6.7‰, respectively; these values
show distributions along a curvilinear correlation regardless of the vein
generation and the occurrence (see Fig. 8a). The - δ7Li value of−11.7‰
is extremely low in comparison to reported Li isotopic compositions of
the metamorphic rocks. To address the processes affecting variations
in Li concentration and δ7Li at short spatial scales, we first discuss the ef-
fect of the diffusion process and then consider a possible scenario to
produce variations of Li concentration and δ7Li.

5.3.1. Effect of diffusion process to produce variations
Diffusion is one of the importantmechanismsproducing the Li isoto-

pic variations because of different diffusivities of 6Li and 7Li. Diffusion is
orders of magnitude faster for Li than other elements (e.g., Coogan et al.,
2005; Richter et al., 1999, 2003; Teng et al., 2006), therefore large Li iso-
topic variations can be produced even at low temperatures and within
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relatively short time scales. Our Li isotopic data of theNew Idria jadeitite
show that the v1 has the profile of the spots iso# -33, 32, and31with de-
creasing Li concentrations and δ7Li (Fig. 8b). If we assume that the vein
initially had higher Li concentrations, and then the gradients may have
been produced by diffusion of Li from the Li-rich vein to the Li-poorma-
trix in the ascending serpentinite body as well as after vein crystalliza-
tion. Verifying the effect of diffusion process requires to postulate the
temperature values which the New Idria jadeitite had experienced
in the serpentinite body after vein crystallization and the tempera-
ture-dependent diffusion coefficient for Li in clinopyroxene. The forma-
tion temperature of the New Idria jadeitite has not been completely
examined in previous studies; however, a wide compositional gap
between coexisting jadeite and omphacite of the pale-greenish matrix
in the New Idria jadeitite suggests its formation conditions of T b ~300
°C (Tsujimori et al., 2005, 2007). Moreover, jadeite-bearing retrograded
eclogite including sodic amphibole, jadeite, lawsonite, and pumpellyite
as tectonic blocks in the New Idria serpentinite body, is considered to
have formed at the same time as the New Idria veined jadeitite investi-
gated in this study (Tsujimori et al., 2007). The existence of pumpellyite
in the retrograded eclogite suggests that it formed in a temperature
range for pumpellyite-zone metabasites of T=200–290 °C (Maruyama
and Liou, 1988). Therefore, we concluded that the experienced
temperature of the investigated New Idria veined jadeitite had been
b ~300 °C. The diffusion coefficient for Li in clinopyroxene at 300 °C is
8.9 × 10−26 m2 s−1, which is taken by extrapolating from diffusion co-
efficients for Li in diopside determined by experiments at 800–1200 °C
(Coogan et al., 2005). If these assumptions hold true, the diffusion co-
efficient of 8.9 × 10−26 m2 s−1 eliminates diffusion on a several hun-
dred μm-scale over a geological timescale (e.g., a significant diffusion
length √Dt= ~1 μm, where diffusion coefficient is 8.9 × 10−26 m2 s−1

and duration time is 107 yrs). We could not describe more discussions
here because of a lack of data, such as diffusion coefficients at low tem-
perature. However, the traverse of major elements across a vein
(Fig. 4) also shows several hundred μm-scale gradients from the center
of the vein to the vein walls, despite of smaller diffusion coefficients of
Ca, Mg, and Fe than Li. Therefore, this indicates that the diffusion pro-
cess is unlikely to explain the isotopic variations in the New Idria
jadeitite.
5.3.2. Possible scenario to produce the variations of Li concentration and
δ7Li

Vein microstructures and chemical compositions suggested that in-
filtrated jadeitite-forming fluids were chemically affected by thematrix
during vein formation.Moreover, the lowest δ7Li value in the vein is ob-
served near vein walls, and do not significantly exceed the lowest δ7Li
value in the matrix. Therefore, we conclude that the isotopic variations
in the veins can be attributed predominantly to variable mixing of infil-
trating fluids and chemical components from the matrix. Considering
the likely case that the vein-filling jadeiteswere not perfectly in equilib-
rium with fluids because of rapid propagation of the veins, the jadeite
fractional crystallizationmechanismmay also be of importance in Li iso-
topic fractionation.

In this paper, we postulated a partial dissolution of the matrix that
triggered by infiltrating fluids with consequent re-precipitation to
form new jadeite crystals with mixing between infiltrating fluids and
chemical components from thematrix as the most reasonable scenario.
In this scenario, Li concentration and isotopic variations can be
modelled as two end-member mixing between the matrix and an infil-
trating fluid. We assumed that the precipitated jadeites directly
reflected the composition of fluids; note that the degree of equilibration
between precipitated jadeites and infiltrating fluids could not be quan-
tified. Using the highest Li concentration and δ7Li in jadeites of the v1
(68 μg/g and+ 6.7‰) as an end-member a and the lowest Li concentra-
tion and δ7Li in the matrix (7.2 μg/g and − 10.8‰) as another
end-member b, the mixing model fits variations in the observed data
(Fig. 8). The mixing equations are expressed as:

C ¼ Ca � f þ Cb � 1– fð Þ

and

δ7Li ¼ δ7Li
� �

a
� f þ δ7Li

� �
b
� 1– fð Þ

where C represents Li concentration and f represents fraction of Li in
end-member a.

As shown in Fig. 8a, not only the data of the v1 but also other data
from all veins and the matrix lie on the mixing line, which implies
that the variations in the investigated sample might be produced by a
common process in all the veins. Thus, the jadeite-forming fluids in all
veins would be from a single source. We assume that the highest Li
concentration and δ7Li in jadeites of the v1 (68 μg/g and +6.7‰) as an
end-member a represent a more likely initial infiltrating fluid composi-
tion, because its value is in the center of the earliest precipitated vein,
which was not likely affected by chemical components derived from
the matrix. In essence, the variations in the investigated jadeitite can
be interpreted as resulting from various degrees of interaction between
a single source fluid and the host rock in various fluid pathways in the
jadeitite body.

5.4. Implication for geochemical characteristics of subduction zone fluids at
sub-forearc depth

In the investigated jadeitite, the highest Li concentration and δ7Li
(68 μg/g and +6.7‰) in the center of the earliest precipitated vein
(v1) would represent a fossilized composition of initial infiltrating
fluids. Although our assumption is that vein-filling jadeites were not
in equilibrium with the jadeite-forming fluids due to fast vein forma-
tion, we solved the maximum δ7Li value of the initial infiltrating fluids
that formed the jadeites with the highest Li concentration and δ7Li
(68 μg/g and +6.7‰) by assuming fluid precipitation under perfect
equilibrium conditions. The calculation used the fractionation factor at
300 °C from Wunder et al. (2006) at which temperature corresponds
with the formation condition of thematrix as the host rock, and resulted
in amaximum δ7Lifluid composition of+12.3‰. For instance, the initial
slab-derived fluids that formed the New Idria jadeitite are supposed to
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have δ7Li values of +6.7 to +12.3‰. This value of the New Idria
jadeitite-forming fluids indicates the high δ7Li signatures of slab-
derived fluids in a forearc mantle wedge. Marschall et al. (2007)
modelled fluids released from average AOC at 50–300 °C range from
δ7Li =+21.5‰ to +14.4‰. These compositions are much higher than
the slab-derived fluids we inferred from the New Idria jadeitite in this
study. Simons et al. (2010) also calculated the average subduction
fluid with AOC plus GLOSS composition over 50–600 °C and found a
fluid composition with δ7Li = +7 ± 5‰ (1σ), which is consistent
with jadeitite values in this study. For instance, the New Idria jadeitite,
which are direct precipitates of slab-derived fluids, strongly supports
the high δ7Li signature of the slab-derived fluids and gives the values
of δ7Li =+6.7 to +12.3‰ in a forearc mantle wedge.

Many studies have pointed out a dilemma that a high δ7Li composi-
tion of slab-derived fluids is not consistent with δ7Li composition in the
primitive arcs basaltic rocks globally (+4.2 ± 1.6‰; Moriguti and
Nakamura, 1998; Tomascak et al., 2000, 2002; Chan et al., 2002b). The
New Idria jadeitite potentially provides a line of evidence for the pres-
ence of high δ7Li fluids (δ7Li = +6.7 to +12.3‰) that dehydrated
from a subducted slab and infiltrated into the mantle wedge at
sub-forearc depth. Therefore, based on Rayleigh dehydration model,
lower δ7Li fluids should be dehydrated from a subducting slab at deeper
sub-arc levels due to the progressive evolution of δ7Li composition in
the residual slab materials. The New Idria jadeitite also shows that
high δ7Li fluids were likely affected by interactionswith the host matrix
with a negative δ7Li composition. This suggests that the signature of
slab-derived fluids is easilymodified by interactionswith the surround-
ing rocks along their pathways, despite focused fluid flow in which
fluids are not considered to be chemically affected by surrounding
rocks. Therefore, the original signature of any slab-derived fluids may
not be able to reach the regions of arc magma genesis in the core of
the mantle wedge through fluid flow in the oceanic crust, sediment
layer, mélange zone, and mantle wedge.

6. Perspectives: application of in-situ, spot Li isotopic analysis to HP
rocks

The results of this study demonstrate the advantage of the in-situ,
high-spatial resolution Li isotopic analyses developed by Kimura et al.
(2016). Using this technique, we obtained the millimeter- to submilli-
meter-scale isotopic variations (~20‰) in a thin-section scale without
the complexities of secondary whole rockmodification. This application
is useful for geochemical investigation of fluid–rock interaction in sub-
duction zone; the record of the interaction is visible as HP mineral
veins and/or HP rocks with ‘rind’ (e.g., John et al., 2012; Penniston-
Dorland et al., 2010; Scambelluri and Philippot, 2001; Taetz et al.,
2016, 2018; Tsujimori, 1997). Future applications of in-situmicroanalyt-
ical techniques to such rocks will likely result in the discovery of similar
isotopic variations and provide us with greater insights into slab-de-
rived fluids.

7. Conclusions

(i) Microstructures and chemical compositions of jadeitite veins
from the New Idria serpentinite body, California suggest that
the veins were chemically affected by components of the matrix
as host rocks of the veins during syntaxial vein formation.

(ii) High δ18O data (Sorensen et al., 2006) and high concentrations of
LILEs (Cs and Li) and HFSEs (Ta, Nb, U, and Th) in the New Idria
jadeitite imply that the jadeite-forming fluids were derived
from metasedimentary rocks.

(iii) In-situ Li isotopic analyses of the New Idria jadeitite confirmed a
wide variation of δ7Li from −11.7 to +6.7‰ accompanied with
the change of Li concentrations from 4 to 68 μg/g. Variations
within/among veins can be successfully modelled as variable
mixing between the matrix and initial infiltrating fluids.

(iv) The initial slab-derived fluids to form the New Idria jadeitite are
estimated to have δ7Li values ranging from +6.7 to +12.3‰
based on the values that are supposed to be unmodified by the
interactions with the matrix. The New Idria jadeitite potentially
gives evidence of the presence of high δ7Li fluids dehydrated
from subducted slab materials and infiltration of the fluids into
the mantle wedge at a sub-forearc depth.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2018.08.015.
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