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Jadeitite from the New Idria serpentinite body of California is a fluid precipitation–to–metasomatic product.
Optical cathodoluminescence (CL) microscopy of the jadeitite revealed that vein–filling ‘pure’ jadeites (mostly
97–99.9 mol% jadeite) exhibit bright luminescence, whereas ‘impure’ jadeites (mostly 75–95 mol% jadeite) in
pale–greenish matrix show dark luminescence. The ‘pure’ jadeites in the veins are composed of mixtures of red,
blue and dull blue CL–colored domains, showing growth textures (oscillatory bands). The ‘impure’ jadeites in
the pale–greenish matrix with dark luminescence have a higher augite component (up to 5.37 wt% FeO), im-
plying that the CL property is due to significant amount of Fe2+ to act as a quencher. CL spectra of the blue CL–
colored domains of the vein–filling ‘pure’ jadeite have a doublet broad emission peak centered at ~ 320 and
~ 360 nm in the ultraviolet (UV) to blue region. In the red CL–colored domains, a broad asymmetric emission
peak at ~ 700 nm is also recognized together with the doublet UV–blue emission peak. Comparing monochro-
matic CL images in the UV–blue (300–400 nm) and red (650–750 nm) emission regions with X–ray elemental
maps, luminescence centers contributing the UV–blue and red CL emission peaks were assigned. The red
emission peak of the ‘pure’ jadeite with subtle augite component would be attributed to lattice defects related
to Ca2+, Fe2+ (or Fe3+) and Mg2+ deficiency and/or excess centers in M1 or M2 sites. Alternatively, transition
metal ions (Mn2+ and Fe3+) or rare earth elements in the M1 and M2 sites as impurity centers, might contribute
to the red emission peak. As the UV–blue emissions correlate with Al3+ content, i.e. purity of jadeite compo-
nent, they might be related to Na+ and/or Al3+ defect centers.
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INTRODUCTION

Cathodoluminescence (CL) is a powerful tool in petrol-
ogy and mineralogy for observing internal texture of spe-
cific minerals (e.g., zircon, plagioclase, fluorite, calcite,
diamond, SiO2, and Al2SiO5 polymorphs) (e.g., Marshall,
1988; Götze et al., 2000; Steaven–Kalceff et al., 2000).
Recently, optical CL microscopy has been applied to
jadeitic clinopyroxenes in jadeitite to visualize growth
and overgrowth textures (e.g., Sorensen et al., 2006;
Schertl et al., 2012); the CL image easily provides val-
uable information on subtle stepwise compositional dif-
ferences of the jadeitic clinopyroxenes, as a variation of

CL brightness and color, which are generally invisible
under crossed–polarized views of an optical microscope
(Schertl et al., 2012). In general, CL features of minerals,
such as brightness and color, are contributed by the ex-
istence of luminescence centers. The luminescence cen-
ters are divided into intrinsic and extrinsic centers. The
intrinsic centers include lattice defects caused by non–sto-
ichiometry or structural imperfections, whereas the ex-
trinsic centers are attributed to impurities such as transi-
tion metal ions (Mn2+, Fe3+, and Cr3+) and rare earth
elements (REEs). In either case, concentration and ele-
mental species of the luminescence centers depend on
physico–chemical conditions during crystallization or re-
crystallization of the luminescent minerals (Marfunin,
1979; Yacobi and Holt, 1990; Götze et al., 2000; Ste-
ven–Kalceff et al., 2000, Vasyukova et al., 2013). Based
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on optical CL features of jadeite crystals in jadeitites,
Sorensen et al. (2006) have successfully defined the rel-
ative order of jadeite crystallization. Obviously, these ob-
servations promised new insights into interpretation of
multiple sources and generations of the jadeite–forming
fluids. Nevertheless, the mechanism of CL emission in
jadeite and featuring color variation is still unclear.

In this study, we performed CL microscopy and
spectroscopy combined with electron probe microanalys-
er (EPMA) analysis for a P–type jadeitite ( jadeites direct-
ly crystallizing from HP–LT aqueous fluids: Tsujimori
and Harlow, 2012) from the New Idria serpentinite body
of the Diablo Range (California, USA). Sorensen et al.
(2006) reported that jadeites in the New Idria jadeitite
show only red and blue CL, although the jadeitites from
the other localities consist of red, blue, and green CL–
colored jadeites. We further describe internal textures
and chemical variations of the red and blue CL–colored
jadeites in the New Idria jadeitite using both CL micros-
copy and spectroscopy, together with elemental analysis,
to characterize the luminescent features with interpreta-
tion of luminescence centers.

GEOLOGICAL OUTLINE

The studied jadeitite was collected from the New Idria
serpentinite body (NISB), in the southern extension of
the Diablo 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 (~ 23 × 8 km) is
in contact with the Franciscan Complex (Jurassic and
Cretaceous), the Panoche Formation and the Moreno For-
mations of the Great Valley Group (Late Cretaceous); the
contact is marked by high–angle faults and/or shear zones

(Coleman, 1961, 1986; Vermeesch et al., 2006). The
NISB is considered as an on–land analogue of active ser-
pentinite diapirs containing exotic blocks of blueschist–
and eclogite–facies rocks (Tsujimori et al., 2007). The
presence of active landslides on the flanks of the serpen-
tinite body (Cowan and Mansfield, 1970) and the depo-
sition of detrital serpentinite in terrace deposits as young
as 500 yr B.P. (Atwater et al., 1990) are also strong evi-
dence that the NISB continues to rise. Fission track ther-
mochronology of detrital apatite from the Great Valley
Group forearc sediments suggested the rapid rise of the
NISB as a heat source (T > ~ 110°C) to anneal apatite
fission tracks at ca. 14 Ma (Vermeesch et al., 2006). The
NISB is supposed to rise as serpentinite diapir from man-
tle depths and enclosed tectonic blocks at various mantle–
crustal levels during upwelling by the wide range of P–T
conditions of tectonic blocks (Tsujimori et al., 2007).

SAMPLE DESCRIPTION

The selected samples (TT94NIJd) are fine–grained jade-
itites with pale–greenish in color cut by subcentimeter to
submillimeter wide veins of white colored jadeites (Fig.
1). They were obtained from a tectonic block (~ 1 × 5 m
in size) enclosed by a serpentinite–matrix near Clear
Creek of the NISB. The samples are massive, but exhibit
a weak foliation defined by parallel alignment of subtle
color changes in the pale–greenish matrix. The pale–
greenish matrix is composed mostly of fine–grained and
well–recrystallized jadeites. In some cases, the matrix
contains somewhat porphyroclastic coarse–grained jade-
ite grains. The samples are also characterized by multiple
generations of white colored jadeite veins (less than ~ 2
mm). The veins consist of coarse–grained subhedral jade-

Figure 1. (a) Photograph showing the polished surface of investigated jadeitite (TT94NIJd) from the New Idria serpentinite body. Note that
pale–greenish jadeite matrix cut by white veins. (b) Optical image of a polished thick section of the sample, showing cross–cutting relation-
ships between the matrix and multiple veins. (c) Photomicrograph of a jadeite vein crosscutting fine–grained jadeite matrix (crossed–po-
larized light view). The vein consists of coarser–grained jadeites, which tend to be oriented perpendicular to the vein walls.
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ites (~ 100–500 × 50 µm). Texturally, these vein–filling
jadeites are newly precipitated crystals in microfractures.
The vein–filling jadeites tend to be oriented perpendicular
to the vein walls. Relatively coarse–grained jadeites in a
few veins of older generation represents a disrupted tex-
ture due to a deformation after the formation of these
veins. Two–phase fluid inclusions (H2O + CH4) are ubiq-
uitous in the vein–filling jadeite crystals and porphyro-
clastic jadeite crystals in the pale–greenish matrix, where-
as no fluid inclusions were found in the fine–grained
jadeites in the pale–greenish matrix.

METHODS

Color CL images of the New Idria jadeitite were obtained
using a cold–type optical CL microscope (Nuclide model
ELM–3R luminoscope) at the Okayama University of
Science. This CL imaging system consists of an optical
microscope attached with a cold–type electron gun and a
Edmund Optics cooled charge–coupled device (CCD)
camera. The optical CL microscopic observation was con-
ducted at 15 kV accelerating voltage and 0.5 mA beam
current. Owing to strong CL emissions from jadeitic
clinopyroxene, adjustment gain value was set to low value
ranging from 480 to 600.

CL spectral analysis of jadeites was conducted using
a JEOL JSM–5410 scanning electron microscope (SEM)
equipped with an Oxford Instruments Mono CL2 catho-
doluminescence spectrometer at the Okayama University
of Science. The CL spectra were measured ranging from
200 to 800 nm in 1 nm steps. The scanning electron mi-
croscope–cathodoluminescence (SEM–CL) was perform-
ed at 15 kV accelerating voltage and 0.70 nA beam cur-
rent. All CL spectra obtained here were corrected for the
total instrumental response, which was determined using
a Eppley Laboratory quartz halogen lamp as calibrated
standard. Based on the spectroscopic results, monochro-
matic high–resolution CL images were captured by using
an Oxford/Gatan MiniCL imaging system with band–pass
filters. The filtering ranges were selected from the results
of the preliminary spectral measurements. In this study,
high–resolution CL images in UV–blue and red emission
regions were collected through the band–pass filters of
350 Fs at ~ 350 nm and 700 Fs at ~ 700 nm, respectively.
The total instrumental response of a photomultiplier tube
built in the MiniCL system has been reported in Kayama
et al. (2010), where the maximum spectral response is at
400 nm, showing a smooth change from 200 to 800 nm.

Major–element composition (Si, Ti, Al, Cr, Fe, Mn,
Mg, Ca, Na, and K) of jadeitic clinopyroxenes was deter-
mined using a JEOL JXA–8800R EPMA at Tohoku Uni-
versity. The quantitative analyses were performed with a

15 kVacceleration voltage, a 15 nA beam current and a 1
µm spot diameter. The oxide ZAF method was employed
for matrix corrections, and natural and synthetic silicate
and oxide minerals were used for calibrations as stand-
ards. The structural formulae of clinopyroxenes were cal-
culated based on O = 6 and the Fe2+/Fe3+ ratio was esti-
mated based on four total cations. The end–member com-
ponents of pyroxene were calculated by an algorithm sug-
gested by Harlow (1999). Element distribution maps of
Ti, Al, Fe, Mn, Mg, Ca, and Na were obtained with a
15 kV acceleration voltage and a 50 nA beam current.

RESULTS

CL microscopy

Color CL images of the New Idria jadeitite are shown in
Figure 2. CL behaviors of the jadeitite can be divided into
the dark and bright luminescent portions. Notably these
dark and bright luminescent portions correspond to pale–
greenish matrix and white veins of the jadeitite. In addi-
tion, the bright luminescent portions are composed of
mixtures of red, blue and dull blue CL–colored domains.
Such variations of the CL color and brightness reflect in-
ternal textures of the jadeite crystals, where the blue (or
dull blue) CL–colored cores are overgrown by red CL–
colored rims. Fine oscillatory growth bands, with rhyth-
mic changes of red and (dull) blue CL, parallel to growth
faces are also developed in internal texture of the bright
luminescent portions. White veins that formed in the rel-
atively older generations show no remarkable CL core–rim
textures in the bright luminescent portion because of the
deformation. In addition, porphyroclastic coarse–grained
jadeite crystals and/or composite jadeite grains in the
pale–greenish matrix emitted bright red and blue CL.

CL spectroscopy

CL spectra of the jadeites in white veins and pale–greenish
matrix were examined by SEM–CL. CL spectra of nearly
all jadeites consist of ultraviolet (UV)–blue and red emis-
sions corresponding to two peaks centered at ~ 350 and
~ 700 nm. Representative CL spectra of the blue, dull blue
and red CL–colored domains in a vein are shown in Figure
3. CL spectra of the blue, dull blue and red CL–colored
domains commonly represent a doublet broad emission
peak at ~ 320 and ~ 360 nm in the UV–blue regions. The
blue CL–colored domains show high emission intensities
of the UV–blue peak range, whereas the dull blue CL–col-
ored domains show weak peak centered at ~ 360 nm (Fig.
3a). CL spectra of the dark luminescent portions of the
pale–greenish matrix also have similar characteristics to

CL petrography of P–type jadeitite 293



N. Takahashi, T. Tsujimori, M. Kayama and H. Nishido294



those of the dull blue CL–colored domains in the vein–fill-
ing jadeites. In the red CL–colored domain, an additional
broad emission peak at ~ 700 nm was detected (Fig. 3b).
Note that a red emission peak of one red CL–colored do-
main exhibits the exceptionally high intensity of ~ 70000
a.u., although all the other CL spectra are less than 20000
a.u. Based on these spectroscopic results, monochromatic
high–resolution CL images in the UV–blue emission re-
gion (300–400 nm) and the red emission region (650–750
nm) were obtained. The images were used to compare with
X–ray elemental maps as described in the next section.

Mineral compositions, elemental maps, and mono-
chromatic CL images

Representative microprobe analyses are given in Table 1;
all analyses are plotted in a ternary jadeite–augite–aegirine
(Jd–Aug–Ae) diagram (Fig. 4) and a jadeite (Jd) versus
multiple elements (CaO, FeO*, and MgO) diagram (Fig.
5). All our new compositional data of jadeitic pyroxenes
characterized by optical CL overlap a compositional range
that Tsujimori et al. (2007) randomly analysed the same
sample. The pale–greenish matrix includes rare nearly
pure jadeites, i.e. end–member jadeites, however overall
it has significant impurities with a variable CaO (0.22 to
4.95 wt%) and FeO (0.12 to 5.37 wt%) (Jd72–95). In con-
trast, vein–filling jadeites are mostly pure end–member
composition (Jd97–100), except for some dull blue CL–col-
ored jadeites (Jd90–94). EPMA analyses also confirmed
that the jadeites of the red CL–colored domains had tend-
ed to contain higher Ca than those of the blue CL–colored
domains, except for a nearly pure (Jd100) red CL–colored
jadeite (Table 1) with the highest intensity at ~700 nm
peak. Hereafter we use terms ‘pure’ jadeite for vein–filling
occurrence and ‘impure’ jadeite for matrix.

EPMA X–ray elemental maps of Ca and Fe (Figs. 6b
and 6c) of oscillatory zoned vein–filling ‘pure’ jadeites
(Fig. 6a) and the monochromatic red CL images through
650–750 nm wavelength (Fig. 6f) show a clear correla-
tion between red CL intensity and minor Ca enrichment.
In some cases, they also depend on subtle enrichment of
Fe. It is noted that the domains with enrichment of Fe are
characterized by very weak to dark emissions in the mon-
ochromatic UV–blue and red CL images, which is con-
sistent with the dark luminescent portions under optical
color CL microscopy. Moreover, both of the monochro-
matic UV–blue CL images through 300–400 nm (Fig. 6e)
and red CL images are correlated with Al distribution,
i.e., purity of jadeite component.

DISCUSSION

Textural and compositional constraints

The investigated jadeitite from the NISB is composed of

Figure 3. Cathodoluminescence (CL) spectra of selected spots of
jadeite crystals from the New Idria jadeitite. (a) Blue (B) and
dull blue (dB) CL–colored domains of jadeites. CL spectra show
a doublet broad overlapping peaks at ~ 320 and ~ 360 nm. (b)
Red (R) CL–colored domains of a jadeite. The spectrum is char-
acterized by an additional peak at ~ 700 nm.

Figure 2. Optical images showing microtextures of the studied jadeitite. (a) Low magnification image of a polished thin–section, showing
cross–cut relationships of white veins in pale–greenish jadeite matrix. (b) Crossed–polarized light view of (a). (c) CL image of a box (c) in
(a). The white veins with bright luminescence (red, blue, and dull blue) are distinguished from the pale–greenish matrix with dark lumi-
nescence. (d) Enlarged image of a box (d) in (c), showing an internal texture of a white vein consisting of aggregates of jadeite. The jadeites
show a distinct core (blue or dull blue)–rim (red) difference in CL. (e) CL image of a box (e) in (a). (f ) Enlarged image of a box (f ) in (e),
showing an internal texture of a white vein, highlighting fine oscillatory growth bands in CL. (g) CL image of a box (g) in (a) of a partially–
fragmented vein. Initial growth textures of jadeite crystals were modified irregularly by a deformation. (h) CL image of a box (h) in (a),
showing fragments of coarse–grained jadeite crystals and/or composite jadeite grains (bright red and blue CL) in the fine–grained pale–
greenish matrix with dark luminescence.
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Figure 4. Compositions of clinopy-
roxenes. (a) Jd–Aug–Ae ternary di-
agram showing jadeite, omphacite,
and Cr–Ti–rich clinopyroxene (Cr–
Ti Cpx) in the New Idria jadeitite.
(b) Enlarged image of a red trape-
zoid region in (a).

Table 1. Representative microprobe analyses of the investigated jadeitite (See details in text)

* Total iron as FeO
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pale–greenish matrix cut by multiple white veins. The
vein–filling ‘pure’ jadeites show remarkable oscillatory
zoning under optical CL microscopy, and contain abun-
dant fluid inclusions. These textural features support an
interpretation that multiple ‘pure’ jadeite veins are typical
P–type (direct precipitation from aqueous fluids under
high–pressure conditions) (Tsujimori and Harlow, 2012).
In contrast, the pale–greenish matrix ‘impure’ jadeites
have no textural evidence of fluid precipitation. More de-
tailed petrogenesis of the New Idria jadeitite will be de-
scribed elsewhere.

The ‘impure’ jadeites in the pale–greenish matrix
exhibit dark luminescence, whereas ‘pure’ jadeites in
the white veins show bright luminescence characterized
by remarkable red and blue CL–colored emissions. As we
described above, the ‘impure’ jadeites have significantly
higher FeO component (up to 5.37 wt%), whereas the
‘pure’ jadeites are mostly close to an end–member com-
position. Therefore, we interpret that the contrasting CL
brightness reflects quenching by Fe2+, similar to the case
of other zoned Fe2+-bearing minerals such as olivine and
feldspar (e.g., Marshall, 1988; Götze et al., 2000). Alter-
natively, it can be also possible due to the excess amount
of Fe3+ as an activator, that is, concentration quenching as
known in feldspar and calcite (Telfer and Walker, 1978;
Habermann et al, 2000).

As Sorensen et al. (2006) showed in other jadeitite
localities, it is difficult to distinguish the crystallization
orders between red and blue CL–colored jadeites pro-

duced after the green CL–colored jadeites growth, be-
cause they have a characteristic mottled texture. How-
ever, the vein–filling ‘pure’ jadeites of the New Idria
jadeitite are characterized by an initial crystallization of
the blue CL–colored jadeites and subsequent overgrowth
of the red CL–colored jadeites owing to their core–rim
texture (see Figs. 2d and 2f). Such a sequential change
in CL color variations of the New Idria jadeitite are close-
ly related to types and concentrations of the luminescence
centers as described below.

Assignment of luminescence centers

According to Dopfel (2006)’s preliminary study, CL of
jadeite reflects some systematics, e.g., red emission inten-
sity versus abundances of Al3+, Ti4+, Ca2+, and REEs
(Dy, Tm, and Gd), and blue emission intensity versus
elemental abundances of Al3+ and Ti4+. Our monochro-
matic UV–blue and red CL images of the New Idria jade-
itite also show correlations of the brightness with Al3+

(purity of jadeite component). Our study also confirmed
a good spatial correlation between red emission intensi-
ties and enrichments of Ca2+. However, this is inconsis-
tent with Dopfel (2006)’s observation, where the red
emission intensity negatively correlates with Ca. It is
noteworthy that less bright domains in both of the mono-
chromatic UV–blue and red emissions correspond to Fe–
enriched domains. This fact suggests that Fe2+ plays a
role as quencher or excess amount of Fe3+ leads to con-
centration quenching.

CL spectra of the red CL–colored jadeites in energy
units have asymmetric emission peaks in the regions cor-
responding to red wavelengths. If a spectral peak is as-
signed by only one luminescence center, it should be a
symmetric shape (Kayama et al., 2010). However, the red
emission peak of the ‘pure’ jadeite was asymmetric. This
fact indicates that the red emission peaks of jadeites are
composed of a mixture of multiple signals attributed to
two or more luminescence centers. As we emphasized
above, we confirmed an excellent spatial correlation be-
tween red emission intensities and enrichments of Ca2+.
In some red CL–colored domains, the similar correlations
are also confirmed by the distribution of Fe2+ (or Fe3+)
without quenching of the emission. These features imply
that a part of the luminescence centers of the red emis-
sion peak is assigned to be of lattice defects related to
Ca2+, and Fe2+ (or Fe3+) or Mg2+ coupled with Ca2+ (in-
trinsic defect, but not extrinsic impurity centers), e.g.,
Ca2+, Fe2+ (or Fe3+) and Mg2+ deficiency and/or excess
defect centers in M1 or M2 sites. Alternatively, the red
emission peak is attributed to transition metal elements
(Mn2+ and Fe3+) and/or REEs impurities, substituting

Figure 5. Jd versus multiple elements (CaO, FeO* and MgO) dia-
gram.
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Ca2+, or Fe2+ and Mg2+, as extrinsic impurity centers. For
example, Walker (2000) reported that a red emission peak
of jadeite is due to Mn2+. Moreover, Fe3+ also may play a
role in substitution–type defect and impurity centers in
quartz and feldspars (Steven–Kalceff, 2009; Kayama et
al., 2011). Exceptionally, the jadeite with a highest inten-
sity of the red emission peak was nearly pure end–mem-
ber composition (Jd99.9). Although this red emission can-
not be explained by the luminescence centers as de-
scribed above, the luminescence center of red emissions
in the nearly pure end–member jadeite might imply the
presence of other factors such as growth–induced lattice
defect.

The UV–blue emission peak shows a doublet asym-
metric shape in both wavelength and energy units. There-
fore, two or more luminescence centers contribute to the
UV–blue emission peak, same as in the case of the red
emission peak of the jadeite. Our observations revealed
that brightness of the monochromatic UV–blue CL image
is correlated with abundance of Al3+ (i.e. purity of jadeite

component); this is consistent with the results of Dopfel
(2006), where Al3+ concentration correlates with the blue
emission intensities of jadeite to some extent. We inter-
pret that the UV–blue emissions peaks might be related to
Na+ or Al3+ defect centers. According to Su et al. (2004),
Na–rich jadeite can accommodate more OH than Na–poor
jadeite. This suggests that the UV–blue emissions can be
also featured by OH defects which are derivable under
the assumption of M1, M2 and Si site vacancies in jadeite
(Andrut et al., 2007). Actually, defect centers closely re-
lated to hydroxyl groups (e.g., nonbridging oxygen hole
centers with OH precursor) have been also reported in CL
of quartz (Steaven–Kalceff et al., 2000). However, there
are no enough data of hydroxyl concentration in the New
Idria jadeitite. In any case, CL microscopy and spectros-
copy are the only techniques for an observation of the
distribution of these luminescence centers (defects and
impurities) with high–spatial resolutions. To further our
understanding of the physico–chemical mechanism of CL
in jadeite, a more detailed approach to transmission elec-

Figure 6. Comparisons of a zoned jadeite crystal in optical CL, X–ray elemental maps, BSE, and monochromatic CL images. (a) Optical CL
image of a zoned jadeite crystal (center of the image), showing blue CL core mantled by an oscillatory zoned rim with bright red bands. (b)
X–ray image of Ca showing enrichment of Ca and oscillatory zoning in the rim. (c) X–ray image of Fe showing a correlation of Fe and Ca as
augite component. (d) BSE image of the zoned jadeite crystal showing an oscillatory zoning. (e) Monochromatic CL image in the 300–400
nm region. (f ) Monochromatic CL image in the 650–750 nm region.
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tron microscopy, trace–element and isotope geochemistry,
and high–pressure experimental study is required than
that documented in previous studies.
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