
270     WHITE NEPHRITE FROM RUSSIA                                                         GEMS & GEMOLOGY                                                             FALL 2025

Nephrite is mainly composed of aggregates of 
tremolite-actinolite. According to Bradt et al. 
(1973), high-quality nephrite is characterized 

by felted, matted, interwoven, and recrystallized 
microstructures and thus typically has high tough-
ness. As a gemstone and ornamental material, 
nephrite played important roles in ancient Asian cul-
tures and continues to do so in modern China. It has 
been considered a symbol of power and wealth, as 

well as a symbol of desirable moral qualities, includ-
ing kindheartedness, righteousness, wisdom, courage, 
and purity, throughout history in Chinese culture 
(e.g., Cha, 2011). Because of its cultural meaning, 
white has been regarded by the Chinese as the most 
valuable color variety of nephrite. For instance, dur-
ing the Song Dynasty of China, Emperor Zhenzong 
(997–1022) used a “white nephrite album of slips” 
(yùcè 玉册), a jade tablet that resembles an ancient 
bamboo scroll and is inscribed with Chinese charac-
ters, to worship and communicate with heaven in 
order to affirm his divine mandate and reinforce his 
imperial authority.  

Nephrite colors are associated with its two mech-
anisms of formation: metasomatic replacement of 
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The term orange peel effect is often used to refer to the uneven appearance of the polished surface of jadeite, 
which arises due to the hardness anisotropy of its mineral grains arranged in different directions. The unusual 
orange peel effect observed on white nephrite from Russia has been preliminarily recognized in the commercial 
sphere, but minimal description of the underlying causes for the effect exists in the literature. In this investigation, 
this orange peel surface feature, which includes granular pits and bumps, pseudo-rhombic microstructure, and 
subparallel fissures, was explored using gemological and petrographic microscopes, an electron probe 
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show that the pseudo-rhombs on these pseudomorphs are intersected by a network of veins, similar to the 
framework of cleavage patterns of calcite or dolomite. The pseudo-rhombs ranged from 100 to 500 μm in width, 
consisting of a thin vein outline and an inside region composed of fine compacted fibers, with a relatively less 
compact central domain. This study demonstrates that this effect is largely dependent on the nephrite’s adopted 
microstructure rather than its chemical composition or mineral components. Derived from these results, a 
formation model of this distinctive microstructure is proposed, arising from fluid flow and precipitation 
accompanied by volume shrinkage reactions during replacement progress. Based on the review of the 
microstructures of available white nephrite samples from other localities, the pattern of pseudomorphs with 
pseudo-rhombs and claw lineation is a unique feature of Russian nephrite.
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serpentinite (S-type) and metasomatic replacement 
of dolomite (D-type) (Yui and Kwon, 2002; Harlow 
and Sorensen, 2005; Liu et al., 2011a,b). S-type is pre-
dominantly dark green or green, while D-type is 
often white, yellow, celadon, or gray (see box A). 
White nephrite forms exclusively via the metaso-
matic replacement of dolomite crystals. 

The main sources of white nephrite in the Chi-
nese market are China, Russia, and South Korea 
(Ling et al., 2013). White nephrite from various local-
ities differs in value even if of similar quality. Hence, 
a method to distinguish the origin of white nephrite 
is critical in the marketplace as consumers demand 
this information. Furthermore, origin determination 
of white nephrite artifacts can be crucial in archaeo-
logical provenance studies.  

White nephrite from different localities may have 
very slightly different characteristic appearances. 
Some experienced collectors and connoisseurs can 

identify specific sources of nephrite with the 
unaided eye based on appearance (Wang and Sun, 
2013; Chen et al., 2020). As an example, according 
to Hu et al. (2011) and Wang and Sun (2013), nephrite 
with a linear “water line” that is more transparent 
and denser than the adjacent matrix, and that has 
relatively high overall transparency, typically origi-
nates from Qinghai, China. Geochemical methods, 
including analyzing hydrogen and oxygen isotopes 
in mineralizing fluids associated with nephrite for-
mation, can also aid in identification of their sources 
(e.g., Gao et al., 2020; Shih et al., 2024). However, 
such identification methods may damage the sam-
ples and cannot be widely applied. 

Recently, the authors found an unexpected orange 
peel effect in Russian white nephrite jade (figures 1 
and 2). The effect looks similar to that associated 
with Burmese jadeite but has its own distinctive pat-
tern. While inspecting white nephrite samples from 
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Figure 1. A high-quality 
Russian white nephrite 
bracelet, measuring 
approximately 58 × 13 × 7 
mm, with the orange peel 
effect observable in its 
reflective areas. Photo by 
Zuojiang Chen.

Figure 2. A section of a 
high-quality Russian white 
nephrite bracelet shows the 
distinctive orange peel 
effect, with lenticular con-
tour ranging in size from 
300 to 500 μm viewed 
under oblique illumination. 
Photo by Guanghai Shi.
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Microstructure: The small-scale arrangement of geomet-
ric mineralogical elements within a rock (Hobbs et al., 
1976). The term also refers to a structure observed on a 
thin section or smaller scale (Brodie et al., 2002).  

Orange peel effect: A term that refers to the uneven sur-
face of jade resembling that of an orange peel or lemon peel 
(Manutchehr-Danai, 2009). In the jade market, the orange 
peel effect is typically considered a feature of polished 
phanerocrystalline jadeite jade and is commonly observed. 
In this investigation, we find that such an effect can be 
observed on polished white nephrite (D-type) from Russia 
but not in green nephrite (S-type) from Russia (figure A-1). 

Pseudomorph: A mineral or mineral aggregate that has 
undergone a chemical or structural transformation while 
retaining the external shape of the original material. This 
process often involves replacement (substitution) or 
alteration, resulting in a new mineral composition while 
preserving the original mineral’s external geometry 
(Blazek, 1979). 

Intrapseudomorph fissures: Fissures within a pseudo-
morph that are displayed as subparallel lines or 
curves, following the pseudomorph’s internal struc-
ture (figure A-2). 

Interpseudomorph fissures: Fissures occurring along 
a boundary between pseudomorphs that appear as 
unclosed curves, following the outer contour and sur-
rounding structure of the pseudomorphs (figure A-2). 

Claw lineation: A trade term used by nephrite jade 
dealers to describe the lineation observed on nephrite 
exclusively from Russia. Viewed under oblique illumi-
nation, this lineation loosely resembles crab claws 
(figure A-3). According to the lineation’s distribution, 
it is more likely associated with major intrapseudo-
morph fissures than with interpseudomorph fissures. 

BOX A: TERMINOLOGY RELATED TO JADE MICROSTRUCTURE

Figure A-1. The orange 
peel effect on the surface 
of jadeite from Guatemala 
(left) and nephrite from 
Russia (right) viewed 
under oblique illumina-
tion. Photomicrographs  
by Meiyu Shih; field of 
view 6 mm.

Figure A-2. A schematic diagram showing fissures 
within and between pseudomorphs.

Pseudomorph Intrapseudomorph
fissures

Interpseudomorph
fissures

Figure A-3. A simple sketch showing the claw lineation 
pattern. The red lines represent claw lineation, and the 
outlined gray particles represent the granular microstruc-
ture (pseudomorphs) of nephrite.



other localities, we were unable to find this effect on 
material from outside Russia. After discussing this 
characteristic with many experienced collectors and 
dealers and making a broad comparison with 

microstructures of white nephrite from other 
localities (e.g., Zhang et al., 2001; Zhou et al., 
2008; Pei et al., 2011; Gao et al., 2019a; Zhang et 
al., 2022), we report that to our knowledge, only 
white nephrite from Russia has this feature. This 
finding may have significant implications for ori-
gin determination of Russian white nephrite jade. 
This unique microstructure also reveals a distinc-
tive formation mechanism of this gem. 

The distinctive ripples and dimple-like surface fea-
tures on polished jadeite jade are similar to those on 
the surface of an orange peel or lemon peel. This effect 
is often a key factor in the separation of jadeite from 
its imitations or treated equivalents; however, it is 
rarely mentioned for the identification of nephrite 
(e.g., Read, 2008; Manutchehr-Danai, 2009; Hansen, 
2022). It is assumed that the orange peel effect of 
jadeite jade is strongly correlated with its microstruc-
ture, and specific white and colorless jadeite jades with 

almost identical chemical compositions and mineral 
constituents may have varying microstructures (Shi 
et al., 2009). As white nephrite from various localities 
differ slightly in appearance, their microstructures 
may also differ. However, descriptions of microstruc-
ture (e.g., felted) in white nephrite are quite similar in 
the literature (Hou et al., 2010; Jiang et al., 2020; Wang 
and Shi, 2020). Apparently, the differences in white 
nephrite microstructures have been overlooked. 

Given the potential significance of microstruc-
ture, the present study was conducted to investigate 
correlations between microstructures and the 
orange peel effect in Russian white nephrite, includ-
ing its impact on appearance, as well as other 
gemological implications.  

MATERIALS AND METHODS 
In this study, white nephrite samples from Russia 
were provided by a nephrite trading company with 
the help of Yu Ming at the Chinese Jade Culture 
Research Center, Central Academy of Fine Arts in 
Beijing. This company trades with Russian mines 
and provided 60 white Russian nephrite jade rem-
nants from commercial cutting for this study. Large 
quantities of raw Russian white nephrite have report-
edly been imported from Russia to the Chinese 
market  (approximately 3,500 to 4,000 tons annually 
between 2019 and 2021; Wang, 2022). 

Three representative Russian white nephrite sam-
ples (figure 3) were randomly chosen from the 60-piece 
study set (see appendix 1 at https:// www.gia.edu/ -
gems-gemology/ fall-2025-white- nephrite); all three 
had a uniform appearance, were translucent and 
white, and varied slightly in grain size. Standard 
gemological testing was conducted on the three 
samples, including examination with a 10× loupe, 
determination of refractive index and specific grav-
ity (using the hydrostatic method), and observation 
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In Brief 
•  A distinctive orange peel effect identified in many 

samples of Russian white nephrite is characterized 
by granular pits and bumps, a pseudo-rhombic 
microstructure, and subparallel fissures. 

•  This orange peel effect can be recognized through 
unaided visual inspection or verified using 
cathodoluminescence instrumentation. 

•  Together, the processes of metasomatism and pre-
cipitation from fluid to replace precursor dolomite 
crystals with tremolite are evident in the orange 
peel effect of Russian white nephrite.

Figure 3. Three representative samples of Russian white nephrite: ELS13 (4.0 × 2.5 × 0.9 cm; A), ELS24 (3.8 × 20.0 × 0.8 
cm; B), and ELS27 (3.6 × 2.5 × 0.7 cm; C). Photos by Meiyu Shih.

CBA



of the reaction to long-wave (365 nm) and short-
wave (254 nm) ultraviolet light. Afterward, thin 
sections for electron probe microanalyses were pre-
pared by cutting a small piece of each sample, 
gluing them to a glass plate with resin, and then 
grinding and polishing each sample to a thickness 
of approximately 70 μm. 

Petrographic observations and photomicrographs 
were obtained with an Olympus BX51 polarizing mi-
croscope at the Gemological Center, China University 
of Geosciences in Beijing (CUGB). Cathodolumines-
cence (CL) images were acquired with an MK-CL-5200 
cathodoluminescence microscope equipped with a 
Nikon DS-Fi3 microscope camera at the Resources 
Exploration Laboratory, CUGB, under conditions of 
10 s exposure time, gain setting ×20, 250 μA stable 
current, and 0.003 mbar vacuum.  

Backscattered electron (BSE) images and chemical 
compositions were acquired using a Shimadzu 
EPMA-1720 electron probe microanalyzer at the Geo-
logical Lab Center, CUGB, with a voltage of 15 kV, a 
beam current of 10 nA, a beam diameter with a spot 
size of approximately 1–3 μm, and a detection limit 
for a single element of ±0.01 wt.%. All electron probe 
microanalysis (EPMA) data processing utilized the 
ZAF correction method, a standard procedure that 
accounts for factors affecting the accuracy of elemen-
tal analysis: Z (atomic number effect), A (absorption 

effect), and F (fluorescence effect). The EPMA stan-
dards include the following minerals: andradite for 
silicon and calcium, rutile for titanium, corundum 
for aluminum, hematite for iron, eskolaite for 
chromium, rhodonite for manganese, bunsenite for 
nickel, periclase for magnesium, albite for sodium, K-
feldspar for potassium, and barite for barium. The 
analytical errors for the major oxide content of the 
minerals were within ±1.5 wt.%, and the formula was 
calculated according to Shi et al. (2024). The ferric 
iron contents of the mineral phases were determined 
using the AX program (Holland, 2009). 

The micro X-ray fluorescence (micro-XRF) map-
ping images were acquired using a Bruker M4 Tornado 
micro-XRF spectrometer at the National Infrastruc-
ture of Mineral, Rock and Fossil Resources for Science 
and Technology (NIMRF), CUGB, with the tube oper-
ating at 50 kV and 300 μA, a pixel size of 20 μm, and 
a time of 10 ms/pixel. Individual element maps for sil-
icon, calcium, magnesium, aluminum, manganese, 
sodium, potassium, iron, sulfur, and titanium were 
detected using the instrument’s software.  

RESULTS 
Gemological Properties. The standard gemological 
properties determined for the three Russian white 
nephrite samples are summarized in table 1. 
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TABLE 1. Gemological properties of three representative Russian white nephrite samples.

ELS13 ELS24 ELS27

Color White White White

Transparency Translucent Translucent Translucent

Granularity of pseudomorph Fine to medium Fine to medium Medium to coarse

Cracks observed under a  
10× loupe Few Few Few to some

Granularity (mm) ~0.8–1.7 ~0.8–1.7 ~1.7–2.5

Size (cm) 4.0 × 2.5 × 0.9 3.8 × 2.0 × 0.8 3.6 × 2.5 × 0.7

Refractive index 1.62 1.62 1.62

Specific gravity 3.01 2.93 2.93

UV responses Inert Inert Inert



Magnification. Magnification of the polished sur-
faces of the specimens revealed a mosaic-like 
granular microstructure. This micro structure is 
characterized by grain-like domains that appear 
darker under reflected illumination but exhibit 
greater transparency under transmitted illumina-
tion than the lighter granular domains (figure 4). 
These darker domains resembled ice blocks and 
thus were referred to as “icy domains.” The other 
grain-like domains were whiter under reflected illu-
mination and less opaque under transmitted 

illumination, resembling clouds, and were conse-
quently called “cloudy domains.” Both of these 
domains form granular pits and bumps on the 
nephrite’s surface under oblique illumination, sim-
ilar to a magnified picture of the surface of an 
orange peel.  

Variations in icy and cloudy domains in the same 
area of nephrite can be observed when the angle of 
the incident light changes (figure 5). Each whiter or 
darker domain appears as an entire grain. Each grain 
is not a single crystal but is composed of numerous 
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Figure 4. The polished 
surface of Russian white 
nephrite sample ELS27 
showed icy domains 
(darker grains), cloudy 
domains (lighter grains), 
and claw lineation under 
oblique illumination with 
a sodium light source. 
Photomicrograph by Meiyu 
Shih; field of view 6.90 mm.

Icy domains

Cloudy domains

Claw lineation

Figure 5. Nephrite sample ELS27 illuminated laterally by a flashlight. B is a magnified view of the area indicated by 
the rectangle in A, showing clearer contours of the grains, while C further outlines the grain shapes with yellow 
dashed lines. Photos by Meiyu Shih; fields of view 2.73 cm (A) and 0.774 mm (B and C).

CBA



small crystals with sizes less than 2 μm. The whole 
grain can be regarded as a pseudomorph. With higher 
magnification, several lenticular contours (figure 6, 
outlined in red) could be observed within the grains, 
each with a length not exceeding 700 μm. These 
lenticular contours may either interconnect to form 
a network or remain dispersed, constituting a 
pseudo-rhombic microstructure. In addition, subpar-
allel lineations that together resembled a claw were 
observed (again, see figure 4). 

Chemical Composition. The white nephrite samples 
studied consist of an almost pure tremolite end mem-
ber according to EPMA data and Leake et al.’s formula 
calculations (1997) (figure 7 and table 2). The chemi-
cal formula for amphibole is AB2

VIC5
IVT8O22W2. The 

meanings of the notations are as follows: A = A-site 
cations (including Na+, K+, or vacancies); B = large 
cations in the B-site; T = tetrahedral site cations; C = 
octahedral site cations; W = anions such as OH–, F–, 
or Cl– (Leake et. al., 1997). 
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Figure 6. Sample ELS27 
under reflective illumina-
tion displaying pseudo- 
rhombic microstructure  
on the granular pits and 
bumps of the surface. The 
inset shows an enlarged  
section of the surface to  
better demonstrate its 
unevenness. Small lenticu-
lar contours located on the 
depressions of the granular 
pits and bumps are outlined 
in red. These lenticular  
contours may either inter-
connect to form a network 
or remain dispersed, consti-
tuting a pseudo-rhombic 
microstructure. Photomi-
crograph by Meiyu Shih; 
fields of view 17.79 mm 
and 1.18 mm (inset).

Pits

Bumps

Figure 7. Mg/(Mg + Fe2+) and Na + K + 2Ca diagrams for amphibole classification (modified from Leake et al., 1997) 
with the sample compositions plotted in orange.
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TABLE 2. Chemical composition (in wt.%) of three Russian white nephrite 
samples, analyzed by EPMA.

abdl = below detection limit; indicates values below 0.01 wt.%. 
bStoichiometries were calculated on the basis of 23 oxygen atoms to account for fluorine and chlorine replacing  
hydroxyl. Ferric iron content was estimated based on charge balance. The atoms per formula unit values were  
calculated and normalized to ensure charge balance, maintaining overall electrical neutrality in the formula.

ELS27 ELS24 ELS13-1 ELS13-2

SiO2 58.46 58.79 58.69 58.58

TiO2 bdla 0.05 0.04 0.01

Al2O3 0.50 0.60 0.60 0.62

Cr2O3 bdl 0.04 bdl bdl

Fe2O3 bdl bdl bdl 0.16

FeO 0.17 0.18 0.32 0.15

MnO bdl 0.06 0.01 0.08

MgO 24.61 24.70 24.57 24.42

CaO 13.02 13.23 12.80 13.06

Na2O 0.09 0.09 0.10 0.40

K2O 0.07 0.10 0.08 0.12

F 0.34 0.51 0.41 0.32

NiO bdl 0.01 0.07 0.06

Totals 97.26 98.36 97.70 97.95

H2Ocalc 2.19* 2.20* 2.10* 2.20*

Calculated stoichiometry (apfu)b

TSi 8.001 8.002 8.017 7.992

TAl 0.000 0.000 0.000 0.000

TTi 0.000 0.005 0.004 0.001

Tsum 8.001 8.008 8.021 7.993

CAl 0.080 0.096 0.097 0.100

CFe3+ 0.000 0.000 0.000 0.000

CCr 0.000 0.004 0.000 0.000

CNi 0.000 0.001 0.008 0.006

CMg 5.022 5.012 5.004 4.967

CFe2+ 0.000 0.000 0.000 0.000

Csum 5.102 5.114 5.108 5.073

BMn2+ 0.000 0.007 0.001 0.009

BFe2+ 0.019 0.020 0.037 0.033

BCa 1.918 1.937 1.878 1.917

BNa 0.110 0.093 0.119 0.154

Bsum 2.047 2.058 2.035 2.113



Due to the presence of hydroxyl groups, the total 
EPMA content of the amphibole group is usually 
less than 100 wt.% (e.g., Jiang et al., 2020; Yang et 
al., 2022; Zhang et al., 2022). Due to the low signal 
intensity, the chlorine content was not detected. 
Assuming two hydroxyl groups (2(OH)) for our the-
oretical calculations, the water (H2O) contents of 
ELS27, ELS24, ELS13-1, and ELS13-2 were calcu-
lated as 2.19, 2.20, 2.19, and 2.20 wt.%, respectively, 
and the total compositions summed to 99.45, 100.56, 
99.89, and 100.15 wt.%, respectively. These devia-
tions were within an acceptable range of ±1.5 wt.% 
from the ideal 100 wt.% composition. 

The BSE images of the white nephrite samples 
were uniform (figure 8), suggesting a nearly homoge-
neous chemical composition without other apparent 
mineral components, although minimal calcite and 
apatite have been reported in Russian white nephrite 
(Zhang and Zhao, 2012). All the available element 
map images show nearly homogeneous colors (figure 
9), except for the iron map image, in which the 
darker areas in the intact pseudomorphs indicate 
richer iron content, whereas the brighter areas in the 
incomplete pseudomorphs indicate lower iron con-
tent, possibly due to slight iron contamination 
during later-stage growth. 

Microstructure. Metasomatic pseudomorph 
microstructure. Polygonal pseudomorphs were 
observed in the Russian white nephrite samples 

(figure 10). They reached 2.0 mm in size and were not 
single crystals. Instead, each one was an aggregate of 
many tiny tremolite crystals. Each individual 
pseudomorph showed flat contact with its neighbors. 
Together they formed an isogranular mosaic 
microstructure with respect to the whole nephrite, 
provided that each pseudomorph was considered a 
separate grain. This flat contact indicated that the 
original grain boundaries of the precursor rock were 
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TABLE 2 (continued). Chemical composition (in wt.%) of three Russian white 
nephrite samples, analyzed by EPMA.

ELS27 ELS24 ELS13-1 ELS13-2

ACa 0.000 0.000 0.000 0.000

ANa 0.000 0.000 0.000 0.000

Asum 0.000 0.000 0.000 0.000

WOH 2.000 2.000 2.000 2.000

WF 0.129 0.199 0.157 0.119

WCl 0.000 0.000 0.000 0.000

WO2– 0.000 0.000 0.000 0.000

Wsum 2.129 2.199 2.157 2.119

Mg2+/(Mg2+Fe2+) 0.996 0.996 0.993 0.993

∑Si 8.001 8.002 8.017 7.992

Figure 8. BSE image of Russian white nephrite sample 
ELS27. The similar contrast levels across the image indi-
cate a nearly homogeneous chemical composition. 
Image by Qingqing Deng.

200 μm

abdl = below detection limit; indicates values below 0.01 wt.%. 
bStoichiometries were calculated on the basis of 23 oxygen atoms to account for fluorine and chlorine replacing  
hydroxyl. Ferric iron content was estimated based on charge balance. The atoms per formula unit values were  
calculated and normalized to ensure charge balance, maintaining overall electrical neutrality in the formula.



preserved during the metasomatic process. The 
microstructure exhibited by the pseudomorphs 
resembles that of a coarse-grained dolomitic marble, 
which is considered the precursor parent rock. This 
resemblance suggests that the pseudomorphs formed 
through metasomatic replacement of dolomite by 
tremolite. Thus, each pseudomorph was interpreted 
to be equivalent to a precursor marble crystal from 

the dolomitic marble parent rock. Notably, the flat 
contacts between neighboring pseudomorphs were 
seamless and compact, even under magnification. 

Inside an individual pseudomorph, long and dense 
tremolite fiber veins form an interconnected net-
work, referred to as the “vein net” (figure 10). The 
veins intersect and extend across almost one entire 
pseudomorph, forming connected pseudo-rhombs 
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Figure 9. Photomicrograph 
and corresponding micro-
XRF elemental maps of  
the same area of white 
nephrite sample ELS27.  
A: T  he analyzed domain of 
the white nephrite (cross-
polarized illumination). 
Photomicrograph by Meiyu 
Shih; field of view 5 mm. 
B–I: Element maps of  
aluminum, calcium,  
magnesium, sodium, iron, 
manganese, potassium, 
and titanium, respectively. 
According to A, the 
observed heterogeneity in 
the iron content in F may 
indicate the occurrence of  
a late-stage filling phase. 
Other element maps indi-
cate a nearly homogeneous 
chemical composition 
within the same area of  
the thin section.

Al Ca

FeNaMg

TiKMn

2 mm 2 mm 2 mm

2 mm 2 mm 2 mm

2 mm 2 mm 2 mm

B CA

D E F

G H I

Figure 10. White nephrite 
sample ELS27 showing a 
metasomatic pseudomorph 
microstructure of numer-
ous tiny tremolite grains. 
Crossed-polarized illumi-
nation (left) and reflected 
darkfield illumination 
(right). Photomicrographs 
by Meiyu Shih; field of 
view 4.18 mm.

Pseudo-rhombs
Vein net

Pseudomorph Pseudomorph

Pseudo-rhombs
Vein net



inside as a result of the replacement of dolomite in 
the marble by tremolite. Within these veins, tremo-
lite fibers are distributed almost parallel to the vein 
walls and exhibit nearly identical interference colors 
and extinction directions. The pseudo-rhombs range 
from 100 to 500 μm in length and exhibit similar 
interference colors and extinction directions. Within 
each pseudo-rhomb is an inner region, mainly com-
posed of fine and compacted fibers, approximately 
200 μm in width, and a central domain that may be 
relatively less compact or even empty (figure 11). The 
arrangement of these pseudo-rhombs displays a pat-
tern similar to the three typical sets of cleavage 
planes and twin planes in calcite, dolomite, or both. 

The fibers or tiny crystals inside each pseudo-
rhomb did not show clear boundaries, and adjacent 
crystals appeared to be connected. In the central 
domain, tiny empty spaces often occurred among the 
tremolite fibers (figure 11). Based on the microstruc-
ture, inner region fibers formed under the guidance 
of the veins. The fibers terminated at the core or 
reached the other side of the same pseudo-rhomb (fig-
ure 11), suggesting a formation sequence of the 
pseudo-rhomb: from the vein net to the fibrous inner 
region and then to the central domain. Although the 
formation sequence was somewhat complicated, the 
precursor rock had been thoroughly replaced by 
tremolite, as no carbonate minerals could be detected 
in the white nephrite studied. 

Microstructure Due to Fissures. Two types of fissures 
exist in the studied samples: intrapseudomorphs and 
interpseudomorphs (see box A). The former occur 
within pseudomorphs and mainly developed along 
the long fiber veins, and some even bifurcated when 
crossing the intersecting veins (figure 12). In contrast, 
the latter occur occasionally between pseudomorphs 
and developed along the pseudomorph boundary. No 
fissures were observed to cut through a pseudo-

rhomb. The fissures ranged from 0.2 to 1.5 mm long. 
Notably, ductile deformation and dynamic recrystal-
lization dominating the microstructure of jadeite 
jade from Myanmar (e.g., Shi et al., 2009) were not 
obvious in the Russian white nephrite due to the flat 
contacts between the pseudomorphs (figure 10). The 
direction of the lineation was closely related to its 
growth microstructure. Some domains in the aggre-
gation were more compact than others (e.g., the 
centers of some pseudomorphs or some pseudo-
rhombs), and microfissures were more likely to occur 
at the weak edges of these aggregations, forming the 
intrapseudomorph and interpseudomorph fissures 
(figure 11). The intrapseudomorph fissures were 
likely to be the main contributors to claw lineation, 
which usually occurs on a small scale and is not eas-
ily observed without magnification. 

Cathodoluminescence Imaging. CL imaging revealed 
the presence of vein nets and pseudo-rhombs in the 
Russian white nephrite. In sample ELS27 (figure 13), 
the representative vein net exhibits strong pink lumi-
nescence, highlighting many pseudo-rhombs with 
pink to violet light (figure 13). The fissures appeared 
light pink due to the reflective cathodoluminescence. 
Notably, figure 13 (right) reveals that the variation in 
the long-axis directions of the pseudo-rhombs sug-
gests the presence of several pseudomorphs. 

DISCUSSION 
Microstructure Formation. White nephrite from Rus-
sia was reportedly hosted by carbonate rocks and 
formed through the replacement of dolomitic marble 
by skarn metasomatism (e.g., Harlow and Sorensen, 
2005; Burtseva et al., 2015). Although not all replaced 
phases have the same microstructure as the precur-
sor rock, the original microstructure was well 
preserved in the white nephrite studied. The flat 
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Figure 11. Microstructure  
of the interior of a pseudo-
morph with a vein net, 
inner region, and central 
domain (sample ELS27). 
Plane-polarized illumina-
tion (left) and cross- 
polarized illumination 
(right). Photomicrographs 
by Meiyu Shih; field of  
view 262 μm.
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boundaries between the large pseudomorphs in the 
studied nephrite reveal that its precursor rock, 
dolomitic marble with an isogranular mosaic 
microstructure, was likely formed by static metaso-
matism rather than dynamic metamorphism.  

Dolomite has three sets of well-developed cleav-
ages, and twin planes easily develop during the 
diagenetic process. These well-developed planes could 
have separated and formed pseudo-rhombs inside a sin-
gle dolomite crystal. Such pseudo-rhombs are similar 
to the outlines of the vein nets in the pseudomorphs 
in the studied nephrite. This similarity was interpreted 
to mean that the vein net outlines were the pseudo-

rhomb bodies inherited from the prior dolomite crystal 
grains. This interpretation is supported by the previ-
ously formed parallel vein net that linked the entire 
pseudomorph, suggesting that an early phase of tremo-
lite precipitation occurred as the fluids penetrated 
through existing channels induced by the cleavage 
plane inside the precursor dolomite crystal. 

The microstructure of the pseudo-rhombs of the 
Russian white nephrite showed that the replacement 
of dolomite by tremolite took place from the rim to 
the core inside an individual pseudo-rhomb. Since no 
residual dolomite or calcite was retained inside the 
pseudo-rhombs and all the reactant products were 
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Figure 12. Two fissure 
types in sample ELS27.  
A and B: Intrapseudomorph 
fissures (IntraPF) were 
curved rather than flat, 
mainly developed along 
the long fiber veins, and 
some even bifurcated 
when crossing the inter-
secting veins. C and D: 
Interpseudomorph fissures 
(InterPF) were rarely 
observed and developed 
along the pseudomorph 
boundary. Plane-polarized 
illumination (A and C) 
and cross-polarized illumi-
nation (B and D). 
Photomicrographs by 
Meiyu Shih; fields of view 
1.75 mm (A and B) and 
3.50 mm (C and D).
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Figure 13. Cathodolumines-
cence images of sample 
ELS27. Left: Classic pattern 
of pseudo-rhombs and vein 
net in the pseudomorphs. 
Right: Fissures along the 
vein net between the 
pseudo-rhombs. Images  
by Biqian Xing.
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tremolite without any other phases, the replacement 
is inferred to be complete, as indicated in reaction 1: 

     5CaMg(CO3)2 + 4H2O + 8SiO2(aq) →  
     Ca2Mg5[Si4O11]2(OH)2 ↓ + 3Ca(HCO3)2 + 4CO2           (1) 

This reaction implied a sufficient fluid supply for 
metasomatism. Based on the observations, a for-
mation model of Russian white nephrite by fluid 
flow within a single carbonate crystal (figure 14) 
is proposed. 

Before metasomatism occurred, transmission 
channels for fluid flow had already developed through 
the interconnected planes (i.e., grain boundaries and 
cleavage planes) in the dolomite of the precursor mar-
ble, induced by factors such as abrupt temperature 
changes or tectonic events. These channels allowed 
the nascent pseudo-rhombs to be produced. During 
metasomatism, the fluid then infiltrated along the 
connected plane net as the carbonate crystals were 
immersed, and an early-stage tremolite (Tr-I) precipi-
tated by occupying the intersecting plane net, 
forming the pseudo-rhomb framework of tremolite. 
This constituted the first formation stage of tremolite 
and was associated with a precipitation mechanism, 
as evidenced by the vein nets of the pseudomorph 
framework having a similar crystallographic orienta-
tion (vein net in figures 10 and 11 and Tr-I in figure 
14). The initial tremolite framework served to rein-
force and emphasize the pseudo-rhombs and was 
further modified during the metasomatic process. 
Afterward, middle-stage tremolite (Tr-II) formed 
through metasomatism and grew from the base of the 

framework toward the interior of each pseudo-rhomb, 
as evidenced by the tremolite fibers oriented perpen-
dicular to the outline of each pseudo-rhomb (figure 
11, inner region, and figure 14). A late-stage tremolite 
(Tr-III) formed as tiny fiber-shaped crystal aggregates 
around the core of an individual pseudo-rhomb, form-
ing a microstructure similar to that of fully encircling 
agate (e.g., Zhou et al., 2021).  

A possible reason for the homogeneous chemical 
composition of Russian white nephrite is the absence 
of intermediate phases such as calcite and diopside 
during metasomatism. Another possible reason is the 
sufficient fluid supply passing through the pseudo-
rhombs, which serve as interconnected fluid 
pathways and facilitate complete metasomatism, as 
exemplified by reaction 1. 

Pattern of the Orange Peel Effect and Interpretations. 
Our observations clearly showed that microfeatures 
among pseudomorphs in the nephrites were distinc-
tive. Within a specific pseudomorph, the separate 
patterns of the higher-relief vein net and lower-relief 
central domain observed under reflected illumination 
correspond directly to the microstructural framework 
revealed under cross-polarized illumination (figure 
15). Moreover, the relief pattern shown in figure 15 
(A and C) corresponds to the lenticular contours out-
lined in figure 6. Possible reasons for the seemingly 
higher-relief and lower-relief areas on the well-
polished surface of the nephrite might involve 
orientation discrepancies in the tremolite fibers cou-
pled with differences in their refractive indices and 
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Figure 14. A formation model of the specific microstructure of Russian white nephrite generated by fluid flow 
within a single carbonate crystal. Stage 1: Fluid (orange line) flowing along the channels of the weak planes (black 
lines), which are assumed to be cleavages or twinning planes of the carbonate crystal, initially precipitated the 
early-stage tremolite (Tr-I) and established a rhombic framework (blue lines). This early-stage tremolite (Tr-I) 
deposited before the metasomatic process began and further developed during metasomatism. Stage 2: The entire 
carbonate crystal was immersed in the fluid, and the middle-stage tremolite (Tr-II, curved thin gray lines) grew on 
the foundation of the Tr-I vein net. Stage 3: Tr-II and late-stage tremolite (Tr-III, red dots) formed inward within the 
pseudo-rhomb, around its center. The finely crystalline Tr-III may or may not grow in the form of fibrous crystals.
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dense or less compact configurations. Notably, this 
visual effect was associated with a relatively flat plane 
rather than any real topography on the surface (again, 
see figure 6). The size and shape of the icy and cloudy 
domains correspond to those of the isogranular 
mosaic microstructure, with each domain very likely 
representing one pseudomorph. In figure 5, if the 
direction of the incident light were changed, then the 
brightness and transparency of these pseudomorphs 
may differ. Thus, these differences were associated 
with the isogranular mosaic microstructure of the 
precursor dolomite marble before the formation stage 
of the nephrite. 

Microstructural observations of the individual 
pseudomorphs revealed that the vein net consisted 
of long tremolite fibers with almost the same orien-
tation distributed along three cleavage planes, 
forming a three-dimensional network system of 
pseudo-rhomb frameworks by replacement of a pre-
cursor dolomite crystal. A schematic diagram 
illustrates the approximate orientation of tremolite; 
conoscopic interference images (featuring character-
istic extinction patterns called isogyres) of Tr-I, Tr-II, 
and Tr-III indicate that the c-axis of tremolite (Tr-I) 
is subparallel to the cleavage plane of the replaced 
carbonate  (figure 16). According to the optical indi-
catrix of tremolite (Verkouteren and Wylie, 2000; 
Deer et al., 2013), the maximum refractive index of 
tremolite was almost parallel to the long tremolite 

fiber orientation, and most oblique and vertical fiber 
sections had greater birefringence. This may explain 
why the vein net looked higher than the adjacent 
area. Furthermore, as the pseudo-rhomb may consist 
of either Tr-II alone or of a combination of Tr-II and 
Tr-III, the former, consisting of similarly oriented Tr-
II, tends to appear relatively flat with minimal light 
scattering, and the latter, composed of variously ori-
ented Tr-II and Tr-III, develops uneven surface relief 
that increases light scattering. 

The central domain had an indistinct empty space 
between the tremolite fibers, indicating that the 
replacement of dolomite by tremolite resulted in vol-
ume shrinkage. A calculation based on reaction 1 can 
reveal the volume change. If the magnesium in 
dolomite were assumed to be relatively immobile 
and all the magnesium remained during the replace-
ment of dolomite by tremolite, the volume of ideally 
calculated tremolite would be ~13% less than that of 
the replaced dolomite. For a specific pseudo-rhomb, 
assuming that the vein net framework had been con-
solidated, the process of forming tremolite would not 
fully occupy the central domain. This indicates that 
tremolite formation would require a greater volume 
of dolomite to be replaced. In this situation, if the 
earlier tremolite formation resulted in a consolidated 
framework, such as a vein net, then empty space 
would consequentially appear, similar to what has 
been revealed near the central pseudo-rhomb.  
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Figure 15. Correlation 
between textural pattern 
and microstructural frame-
work in pseudomorphs from 
sample ELS27. A and C: 
Reflected darkfield illumi-
nation images showing the 
separate textural patterns of 
higher-relief vein nets and 
lower-relief central domains. 
B and D: Cross-polarized 
transmitted light images of 
the same areas shown in A 
and C, respectively, reveal-
ing the corresponding 
microstructural framework. 
Dashed lines outline the 
pseudomorph boundaries. 
Photomicrographs by Meiyu 
Shih; field of view 2.8 mm.
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Figure 16. A: Schematic diagram of the optical orientation of tremolite. The red oval represents the optical indicatrix, 
which is biaxial negative; the purple lines represent the optical axes (OA); the orange lines represent the crystallo-
graphic axes (a, b, and c); and the blue lines represent the optic principal axes (Bxa, Bxo, Nm) and the corresponding 
minimum (Np; 1.599–1.612), intermediate (Nm; 1.614–1.626), and maximum (Ng; 1.625–1.637) refractive indices.  
B: Photomicrographs of Tr-I, Tr-II, and Tr-III in cross-polarized light. The orange lines and orange dot denote the possi-
ble orientations of the a-axis and correspond to the OA, while the white lines represent the possible orientations of the 
b- and c-axes. The blue dot marks the orientation of Bxa. C: Conoscopic interference images of Tr-I, Tr-II, and Tr-III. 
The yellow dashed lines outline the isogyre, the purple lines and purple dots correspond to the OA, and the white cir-
cle is the visual area size of the conoscope. Images by Meiyu Shih (B) and Biqian Xing (C).

Tr-I Tr-II Tr-III

OA

OA
OA

OA

⊥OA ~⊥Bxa ⊥Bxa
Nm

Tr-I Tr-II Tr-III

a a

a

b

b

b

c c

c

Bxa

Ng(Bxo)
11~28°

{011}

{010}

{110}Np(Bxa)

a

c Ng(Bxo) c

{110}

{010}

{011}

b(Nm)
b(Nm)

a

OA

Np(Bxa)

OA2V = 86~62°

~104°

500 μm

500 μm 500 μm500 μm

500 μm 500 μm

A

B

C



Ideally, in the case of individual dolomite grains, 
when the replacement by tremolite is initiated along 
the rhomb frame and subsequently formed a frame-
work, the porous interior inside each pseudo-rhomb 
framework (again, see figures 11B, 13, and 14) could 
be the consequence of such volume loss to some 
degree, and a quantity of void space might accom-
modate further tremolite precipitation, as the 
precipitation of tremolite occurs widely in both 
dolomite-replacement and serpentine-replacement 
nephrites (e.g., Harlow and Sorensen, 2005; Zhang 
et al., 2022; Shi et al., 2024). 

Causes of the Intrapseudomorph and Interpseudo-
morph Fissures. There are several possible causes for 
the development of intrapseudomorph and inter-
pseudomorph fissures: volume-reducing replacement, 
displacement along the weak plane, uneven thermal 
expansion, or a gradual decrease in formation temper-
ature of the nephrite. The volume-reducing replace-
ment of dolomite by tremolite is regarded as the 
predominant reason. However, this volume reduc-
tion was more or less counteracted by the unique 
microstructure of the Russian white nephrite. In ad-
dition, the replacement occurred at a higher temper-
ature than that during fissure development. This 
precludes synchronous formation of fissures, as the 
fissure is assumed to be coeval with the replacement 
and would have been occupied by precipitation of the 
fluids. The reason for displacement along the weak 
plane of the relevant rock and minerals by later tec-
tonic activity, which could have involved carbonate 
cleavages or mechanical twinning retained during 
nephritization, the rerupture of veined Tr-III, or deflec-
tion along rigid bodies such as pseudomorph bound-
aries, was proposed by Brown and Macaudiére (1984), 
Tullis and Yund (1992), and Kushnir et al. (2015). How-
ever, flat and undeformed or very slightly deformed 
boundaries between neighboring pseudomorphs, well-
preserved pseudomorphs, and their pseudo-rhombs 
showed no obvious evidence of this influence. Uneven 
thermal expansion caused by external forces might 
have induced fissures. Several Russian nephrite mines 
are located at elevations between 1000 and 1500 m 
with seasonal changes involving freezing and thawing, 
and the anisotropy of thermal expansion in randomly 
oriented grains might have caused fissures to grow. 
However, fissures, especially intrapseudomorph fis-
sures, occurred exclusively along the vein of the 
pseudo-rhombs in the Russian white nephrite sam-
ples. Hence, the fissures were considered to be inde-
pendent of uneven thermal expansion. 

The most likely reason for the fissures was a 
gradual decrease in the formation temperature of the 
nephrite. For a specific rock body, if its microstruc-
ture is homogeneous, then volume shrinkage 
induced by a temperature drop might occur homo-
geneously. Some long hexagonal basalt prisms are 
good examples of this phenomenon (Xu et al., 2020). 
Although Russian white nephrite is a monomineral 
aggregate, its microstructure is inhomogeneous, 
even in an individual pseudomorph. The fissure 
morphology indicates gradual propagation rather 
than brittle failure, as evidenced by its selective 
occurrence along the boundaries among the pseudo-
morphs and the vein net inside the pseudomorphs. 
Therefore, such fissure characteristics that corre-
lated with the inhomogeneous microstructure of the 
Russian white nephrite were interpreted as unique 
features. Thus, the lineation (especially the claw lin-
eation) in Russian white nephrite has implications 
for locality identification. 

Although lineation similar to that described in this 
paper has only been found in white nephrite from 
China (Xinjiang), South Korea, and Russia (e.g., Hou 
et al., 2010; Jiang et al., 2020), the lineation features in 
Xinjiang and South Korean nephrite show a long, 
densely oriented pattern or a long, slightly curved pat-
tern and have been subjected to dynamic deformation. 

Gemological Implications. Although all white 
nephrite from Russia, China, and South Korea are 
hosted by carbonate rocks and formed through the 
replacement of dolomitic marble (e.g., Yui and Kwon, 
2002; Harlow and Sorensen, 2005; Burtseva et al., 
2015; Gao et al., 2019b; Zhang et al., 2022), their 
appearance characteristics (such as transparency, lus-
ter, homogeneity, and compactness) are quite similar. 
However, this study reveals distinctive microfeatures 
specific to Russian white nephrite.  

 In particular, among 60 samples of Russian white 
nephrite, when seven samples with poor trans-
parency and polish were excluded, we determined 
that 100% exhibited pits and bumps, 88% showed 
pseudo-rhombic microstructure, 81% displayed icy 
and cloudy domains, and 68% manifested claw lin-
eation. Compared to the Russian samples studied 
here, reports from the literature and observations by 
experienced dealers (e.g., Zhang et al., 2001; Pei et al., 
2011) indicate that white nephrite from other locali-
ties, including Qinghai, China, and Chuncheon, 
South Korea, does not exhibit such distinctive 
pseudomorphs with pseudo-rhombs. Therefore, this 
pattern of pseudomorphs with pseudo-rhombs in 
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white nephrite from Russia could be regarded as a 
diagnostic microstructure, and the orange peel effect 
could be used as a powerful and reliable way to dis-
tinguish Russian material from white nephrite 
originating from other localities, which is possible 
using only a 10× loupe. 

CL imaging revealed the pseudomorphs, veins, and 
pseudo-rhombs of the Russian white nephrite. The 
strong pink luminescence of the netlike Tr-I made 
Tr-II and Tr-III more distinguishable, both of which 
exhibited pale pink to violet luminescing colors (again, 
see figure 13). CL imaging strongly supported our pro-
posed model for the formation of this microstructure 
by fluid flow and precipitation and has further impli-
cations for identifying the origin and understanding 
the details of the formation of Russian white nephrite. 
The distinct CL characteristics of distribution, color, 
and intensity observed between Tr-I and Tr-II + Tr-III 
imply variations in their formative fluid properties or 
other growth conditions.  

This microstructure, as well as the appearance of 
the orange peel effect on the polished surface of Russ-
ian white nephrite, has significant implications for 
understanding this nephrite’s special properties and 
usage. The fissures and central domains within the 
pseudo-rhombs indicate that the nephrite material 
might easily become colored naturally in the pres-
ence of various dissolved metal oxides, which could 
explain a feature that Russian white nephrite often 
has: a thick “skin” with color variation. Such skin 
makes the white nephrite highly desirable for 
expressive carvings (e.g., Wang and Shi, 2020; figure 
17). The thick colored layer may have geological 

and gemological implications that need further 
investigation to fully understand. Conversely, this 
characteristic may also allow this material to be 
deliberately dyed in the laboratory or factory, poten-
tially causing problems with its identification. 

CONCLUSIONS 
White nephrite from Russia has a distinctive orange 
peel effect and a fissure-like surface, both of which 
can be attributed to a well-preserved isogranular 
pseudomorph microstructure formed through a 
unique metasomatic process. This microstructure 
features a three-dimensional net pattern that reflects 
its specific formation conditions. 

A distinctive three-stage metasomatism model of 
dolomite replacement by tremolite for this Russian 
white nephrite with a unique microstructure of indi-
vidual pseudomorphs was proposed. In the early 
stage, the Tr-I veins precipitated out during fluid 
flow, establishing a vein net for the pseudo-rhombs. 
In the middle stage, Tr-II formed on the foundation 
of the vein net, growing toward the inner domains 
inside the pseudo-rhombs. Finally, in the later stage, 
the Tr-III possibly filled the central parts of the 
pseudo-rhombs (the less compact parts of the 
domains). These complicated and independent 
pseudomorphs together create the distinctive 
microstructure of the Russian white nephrite. 

The results of this study will contribute to not 
only understanding the microstructure of Russian 
white nephrite, but also to supporting the origin 
traceability of white nephrite.
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Figure 17. A Russian white 
nephrite carving depicting 
a woman holding a lotus 
flower, measuring approxi-
mately 30 × 19 × 5 cm. 
Photo by Yu Ming.
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