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Abstract

Pore structure and fractal dimension analysis of nephrite deposits are essential for as-
sessing potential quality, conducting investigations, and exploiting jade resources. This
research explored nephrite (tremolite) jade from Tonggou in the Luanchuan Group, uti-
lizing techniques such as scanning electron microscopy (SEM), X-ray diffraction (XRD),
and low-temperature nitrogen adsorption (LT-N;GA) to illustrate the pore structure of
the jade deposit and to examine its developmental features, complexity, and implications
for jade quality assessment. The findings revealed that the Tonggou nephrite jade deposit
comprises three varieties of micropores. The nitrogen adsorption curve was similar to
type 1V, featuring hysteresis loops that were mainly classified as H, and H3, suggesting
a predominantly mesoporous nature. The fractal dimensions (Dr; and Dgp), determined
using the FHH model, averaged 2.474 and 2.572, respectively. This implies that the pore
surface of the Tonggou jade deposit is irregular, the pore structure is intricate, and displays
a pronounced heterogeneity. In the Tonggou deposit, the specific surface area (SSA) and
pore volume (PV) show moderate positive and negative correlations with antigorite and
calcite, respectively. Tremolite exhibits a strong negative correlation with SSA. The fractal
dimension reveals weak, moderate, and strong negative correlations with SSA, PV, and
average pore size (APS), respectively. As the content of siliceous minerals increases, the
fractal dimension gradually increases. Conversely, a rise in carbonate mineral content
results in a gradual decrease in the fractal dimension.
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1. Introduction

The history of jade culture is extensive, with nephrite being its most distinguished

ncieckioriodates variety. Nephrite (tremolite) jade is valued for its unique creamy color and oily luster, and its
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premium “sheep suet” white jade often has a composition similar to that of tremolite [3,4].
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Nephrite deposits are distributed worldwide and have two main kinds: skarn-
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The marble-type nephrite is found in many areas in China, Korea, and South Aus-
tralia [6-8]. The other type is known from Canada, New Zealand, Russia, and Taiwan [9,10].
A large number of studies have shown that the majority of nephrite jade deposits world-
wide are situated within ophiolite, where the mineral forms via Ca- and Si-rich aqueous
fluid-mediated metasomatic replacement under low-grade metamorphic conditions or
lower P-T conditions [11].

Most studies thus far have concentrated on petrological, mineralogical characteristics
and age dating [12-15], with systematic studies on pore structure and fractal trait of nephrite
jade linked to serpentinite bodies being less common, particularly in the investigation
of pore space heterogeneity [16,17]. Nephrite from different origins exhibits varying
characteristics of porosity. Comprehending the porosity and fractal dimensions of nephrite
is advantageous for assessing the quality of this valuable resource. Consequently, the
investigation of the porosity in nephrite jade has become crucial for maintaining quality
standards.

The nephrite jade deposit was discovered at the Tonggou serpentine jade open mine
in the Qinling orogenic belt, where the sample for this paper was obtained. Commonly
associated with the Yi River source, the jade in this region is known commercially as
“Yiyuan jade”. However, there is no detailed analysis of the deposits, and discussion is
ongoing about their pores and fractures.

This paper uses argon-ion polishing SEM for qualitative pore structure and LT-N; test-
ing for quantitative pore structure parameters. The relationship between fractal dimensions,
mineral composition, and pore structure parameters is summarized based on the fractal
dimension variation rule of micro-pore structure obtained from the fractal hierarchical
model (FHH). The significant influence of fractal dimension on the adsorption of nephrite
deposit is emphasized. This gives a scientific basis and data for nephrite jade assessment in
West Henan, Central China. In this paper, we propose a new approach for the qualitative
analysis, pore structure analysis, and fracture analysis of nephrite deposits.

2. Geological Settings and Methods
2.1. Geological Settings and Samples

The Tonggou jade deposit is located in the Qinling orogenic belt, known for its signifi-
cant geological tectonic activity [18,19]. The region has experienced numerous continental
collisions, leading to the development of faults and folds that have caused both brittle and
ductile deformation in the rock formations within the mining site [20-22]. The samples
of this research were collected from two open-pit jade mines in Tonggou, approximately
21 km northwest of Luanchuan, Henan Province, Central China. The geographical coor-
dinates of the jade deposit range from a longitude of 111°23'54” E to 111°24/16” E, and a
latitude of 33°53'40” N to 33°54'08"” N (Figure 1). The lithologies of the ore bodies have all
primarily undergone strong serpentinization (Figure 2). Although nephrite and serpentine
jade are closely related, their chemical compositions are Cay(Mg,Fe)s5SigOp(OH), and
(Mg,Fe,Ni)35i,05(0OH)y, respectively, with Mohs hardness ranging from 6.0-6.5 to 2.5-6.0.
The white and green jade have higher market value, both possessing unique characteristics.

The nephrite hand specimens display two distinct colors: white and light grayish—
white (Figure 3a,d). The high-value white “sheep suet” jade has not been mined in this
study area. Tonggou jade is fine-grained, and most of the finished jade products exhibit
a semi-transparent state and an oily luster. The serpentine in the Tonggou jade mine is
primarily green and yellow—green, and most of the finished jade products possess a glassy
luster (Figure 3b,ce,f). The jade products processed by the Tonggou jade mine are marketed
as “Yiyuan jade,” and items such as “Yiyuan jade” shan-shaped ornaments, landscape
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decorative paintings, Avalokiteshvara, and Buddha pendants are favored by many Chinese
consumers while serving as popular cultural souvenirs for tourists (Figure 3g,h,i).
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Figure 1. (A) Tectonic map of China; (B) division of Qinling Orogen with Luanchuan district;
(C) Luanchuan Tonggou jade deposit in the area. (Modified from Mao et al. (2011a), Li et al. (2012a),
Yang et al. (2013) [23-25]).
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Figure 2. (a) Tonggou open-pit serpentine rocks; (b) top view of the jade mine (featuring author
Xiaodi Wang); (c) Tonggou jade open-pit (picture (b) was taken at the green border of picture (c));
(d) grayish-white nephrite jade vein; (e) green serpentine jade rough; (f) high-quality yellowish—green
serpentine jade rough.

Figure 3. Examples of jade specimens, processed products and ornaments: (a) grayish-white nephrite
specimen; (b) serpentine jade mixed yellow and white; (c) serpentine jade mixed yellow and green;
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(d) white nephrite bracelet; (e) deep green serpentine jade specimen; (f) green serpentine jade
transparent to transmitted light; (g) Yiyuan jade shan ornament; (h) Yiyuan jade landscape decorative
painting; (i) Yiyuan jade Avalokiteshvara and Buddha pendants symbolizing peace and health.
(photos (g-i) were taken by author Xiaodi Wang, showing jade products and ornaments for sale at a
Yiyuan jade store); Tr: tremolite; Srp: serpentine.

The pore system between the green-to-yellowish—green serpentine and white-to-pale-
grayish—white nephrite in the study area affects quality evaluation factors such as trans-
parency, toughness, brittleness, and later development and use of jade economic resources.
The economic value of processed Tonggou jade products, such as Yiyuan jade Mountain
model ornaments, depends on the degree of micro-crack development. Micro-cracks on the
surface of jade items decrease their value. During mining, selection, and processing pro-
cesses, the pore structure and micro-fracture development must be considered. Therefore,
the work presented here is important.

2.2. Experimental Methods

A total of 15 samples with typical texture characteristics from the Tonggou jade mine
encompass jade vein characteristic samples (YMT1-4, YMS1-4), contact zone characteristic
samples (JC1-5), and surrounding rock unit characteristic samples (WY1-2). The pore
structure of these samples was successively tested using SEM, XRD, and LT-N,GA, and
their fractal characteristics were identified using the FHH model (Table 1).

Table 1. Experimental methods for samples.

Experimental Sample Experimental
Method Instrument Model Specifications Conditions
300 mesh powder o o
XRD Rigaku SmartLab with a weight of Cu targgt’ > o 70%,
10°/min
12¢
SEM GeminiSEM 360 10 X LOemx 50y 4900 659
0.5 cm cubic
. 200 mesh powder
MicrotracBEL . .
LT-N2 BELSORPMINT X with a2 ng)e;ght of 773K

A sample was ground into a standard 300-mesh uniform powder, and its component
content was tested using the Rigaku SmartLab (Rigaku Corporation, Tokyo, Japan) X-ray
instrument at the Zhengzhou Laboratory in China. Based on the sample’s characteristics,
the test was conducted in accordance with the experimental requirements for a Cu target,
scanning from 5 degrees to 70 degrees at a rate of 10 degrees per minute.

Specimens from the Tonggou jade mine were carefully crafted into cubic thin slices
with dimensions of 1.0 cm x 1.0 cm x 0.5 cm. Utilizing state-of-the-art GeminiSEM 360
(Carl Zeiss, Oberkochen, Germany), the pore-fracture architecture was scrutinized. This
analysis took place within the controlled parameters of the Zhengzhou Laboratory in China,
with a voltage of 15 kV, ambient temperature of 19 °C, and relative humidity set at 65%.

The LT-N, experimental test necessitates the sample to be ground to 200 mesh and
vacuum-dried prior to testing to enhance accuracy. The characteristic samples from the
Tonggou jade mine were tested using the MicrotracBEL BELSORPMINI X (Microtrac,
Newtown, PA, USA) instrument at the Zhengzhou Laboratory in China for high-purity
nitrogen adsorption experiments. Adsorption-desorption isotherms were obtained at a
temperature of 77.3 K, and PV, SSA, and PSD data were calculated using the Barrett-Joyner-
Halenda (BJH) method.
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This study utilized the taxonomic characteristics of minerals and employed the FHH
model for data analysis [26]. The fractal dimensions Dp; and Dg; correspond to the
medium-low-pressure and high-pressure data of the Tonggou jade deposit, respectively.

In(V) = (Dp —3) x In(In(%)) +c 1)

In Formula (1), P, Py, and V represent the equilibrium pressure (MPa), saturated vapor
pressure (MPa), and gas adsorption volume (cm®/g) at equilibrium pressure P, respectively.

3. Results
3.1. Mineral Components

The species and content of minerals extracted from jade deposits can reflect the various
types of geological tectonic movements and redox environments that the deposits have
undergone. This has a significant impact on the subsequent evaluation of economic value
and quality of jade, as well as on the assessment of mining potential.

The Jade ver. 9.0 software was employed to analyze jade phases corresponding to
each diffraction peak. The crystal structures of these phases were retrieved from the
crystallographic database. Using the full-peak-fit (WPF) method combined with Rietveld
refinement, the relative content of each phase was determined. The quantitative analysis
was based on the Rietveld method, with an estimated error margin of approximately 5%
for the final proportions. No significant preferred orientation was observed. The main
minerals and PDF numbers are as follows: antigorite (PDF#00-007-0417), lizardite (PDF#00-
050-1625), tremolite (PDF#00-044-1402), calcite (PDF#01-072-4582), dolomite (PDF#01-081-
8227), chlorite (PDF#00-007-0078), brucite (PDF#01-071-5972), diopside (PDF#01-073-6374),
hematite (PDF#01-071-5088), wiistite (PDF#01-074-1886) and quartz (PDF#01-070-7344).

XRD analysis revealed that jade veins in the Tonggou nephrite deposit predominantly
consist of antigorite, lizardite, tremolite, calcite, dolomite, and chlorite. The contact zones
contain serpentine-group minerals, carbonates, clay minerals, brucite, diopside, hematite,
and wiistite, whereas the wall rocks are characterized by serpentine, carbonates, quartz,
and chlorite (Table 2; Figure 4). Antigorite and lizardite are polytypic varieties within the
phyllosilicate serpentine (Mg,Fe,Ni)3Si,O5(OH)4 group. Lizardite, characterized by a platy
structure, is stable under low-temperature conditions, whereas antigorite, distinguished by
its characteristic wavy or corrugated structure, forms under relatively high-temperature
and high-pressure environments. The presence and abundance of antigorite in the Tonggou
jade deposit indicate that the orebody has undergone regional metamorphism involving
elevated temperature and pressure. This metamorphic history is consistent with the
formation conditions of tremolite, a double-chain silicate belonging to the amphibole group.

Four key mineral assemblages were identified: silicate phases dominated by tri-
octahedral serpentine content ranging from 50.9% to 93.1%, 2D layered structures and
double-chain tremolite content between 3.1% and 99.3%, carbonate phases comprising cal-
cite (18.6-72.1%) and dolomite (1.9-24.6%), and clay minerals represented by trioctahedral
2:1-type chlorite content ranging from 2.9 to 8.5% (Figure 5). The presence of hematite
and wiistite indicates the redox conditions of the jade deposit. Therefore, the Tonggou
jade deposit in the study area exhibits growth characteristics of high-silica minerals and
low-clay minerals.

https://doi.org/10.3390/min16020170


https://doi.org/10.3390/min16020170

Minerals 2026, 16, 170

7 of 21
Table 2. Mineral assemblages of the investigated samples.
. Main Mineral
Samples Lithology Mohs Hardness Assemblages
YMT-1 Grayish-white jade 2.5-6.5 Cal, Atg, Lz, Dol, Tr
YMT-2 Light grayish-white jade 2.5-6.5 Cal, Tr, Atg, Chl
YMT-3 Grayish-white jade with brownish—yellow stains 3.0-6.5 Tr, Cal
YMT-4 Grayish-white jade 3.0-6.5 Tr, Cal
YMS-1 White-to-green jade 2.5-6.0 Atg, Cal, Lz, Dol
YMS-2 Grayish-white-to-green jade 2.5-6.0 Atg, Cal, Dol
YMS-3 Deep green jade 2.5-6.0 Atg, Lz
YMS-4 Yellow-to-green jade 2.5-6.0 Atg, Lz, Cal, Dol
JC-1 Yellow-to-white jade 2.0-6.0 Cal, Dol, Atg, Brc, Lz, Chl
JC-2 Green jade 2.5-6.5 Dij, Cal, Atg, Chl, Lz, Hm
JC-3 Yellow-to-green jade 2.5-6.0 Atg, Dol, Lz, Wu, Cal
JC-4 Green jade 2.5-6.0 Atg, Cal, Chl, Dj, Lz
JC-5 Light green jade 2.5-6.0 Atg, Cal, Lz, Dol
WY-1 Light yellow-to-green jade 2.5-6.5 Cal, Atg, Dol, Qz
WY-2 Grayish—-white jade 2.5-6.5 Cal, Brc, Dol, Chl, Atg, Qz
Dol, dolomite; Cal, calcite; Brc, brucite; Chl, clinochlore; Lz, lizardite; Atg, antigorite; Di, diopside; Hm, hematite;
Tr, tremolite; Wu, wiistite; Qz, quartz.
YMT-1{] e [ Tremolite

I Antigorite

[ ] Lizardite

[ Clinochlore

[ ]Brucite
B Calcite
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Content (%)

Figure 4. The bar graph for the studied samples.
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Figure 5. Mineral composition of the samples.
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3.2. Pore Surface Morphology

Numerous geologists have studied pore—fracture structures. According to the type,
distribution, size, and connectivity of the pores, the microstructure of the Tonggou jade
deposit is divided into intragranular pores, intergranular pores, and microfractures [27].
Microfractures are prominently present in jade veins, contact areas, and surrounding rocks,
suggesting a complex and vigorous fold-and-fault activity [28,29].

The silicate minerals antigorite and lizardite, with typical layers in jade veins, exhibit
both intragranular and intergranular pores. These pores are connected in series and
provide large-scale pores. After extensive diagenesis and jade formation, different kinds
of intergranular pores, such as needle-like, strip-like, and slit-like pores, occur along
grain boundaries of different mineral types due to differing hardness and grain structure
(Figure 6). Carbonate minerals (calcite and dolomite) in the Tonggou jade deposit undergo
dissolution after metamorphication leading to small pores [30].

Microfractures

IntraP
50 Pores
a4,

IntérP

Pores

¢ InterP Pores

Microfractures

Microfractures

r
&

# Microfractures

IntraP Pores

Figure 6. (a) Microfractures in sample YMS-2; (b,c) microfractures, interP pores, and intraP pores
in sample YMT-1; (d—f) pore system and microfractures in sample YMS-4; (g) serpentine and mi-
crofracture lines in sample WY-1; (h,i) pore system and microfractures in sample JC-2. The red circles
indicate the key signal regions.

3.3. Pore Characteristics via LT-N, Adsorption

The nitrogen isotherms of 15 samples from the Tonggou jade deposit are of type 1V,
as shown by H; and Hj of the IUPAC scheme. In the typical jade vein sample (YMS-4)
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Adsorption capacity (cm’/g)

Adsorption capacity (cm®/g)

and the surrounding rock sample (WY1-2) of the Tonggou jade deposit, we observe a
sharp hysteresis loop as P/Py approaches 0.5, and the shape of this loop resembles the H2
model. The test analysis diagrams of jade vein samples (YMT1-4, YMS1-3) and contact
zone samples (JC1-5) show a weak sharp point near P/P close to 0.5 (which indicates
needle-like and slit-like pore structures), similar to the H3 scheme for adsorption curve
categorisation standard (Figure 7).

12 35
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Figure 7. LT-N, adsorption curve. Insets show a magnified view of the gray region for clarity.

PSD properties of samples from the Tonggou jade deposit were analyzed using the
BJH theory. Pore size distributions in jade vein, contact zone, and wall rock regions ranged
from 9.566 to 19.336 nm with an average value of 12.867 nm. The samples exhibited a range
of total PV from 0.0036 to 0.0496 cm?/g and total SSA from 2.823 to 14.136 m?/g. The
average values for PV and SSA were 0.0204 cm®/g and 6.431 m? /g, respectively (Table 3).

The particle size distribution (PSD) curves of samples in the study area show that most
of the high peak ranges from 3 to 5 nm, and most pores are mesopores. Longitudinally,
the YMT-4 jade vein sample has the lowest peak value, while the contact zone sample is
the highest. Transversely, the jade vein sample (YMT-4), contact zone sample (JC-1, JC-3),
and surrounding rock sample (WY1-2) exhibit a single peak, while other Tonggou jade
ore samples exhibit a double-peak pattern between 2-3 nm and 3-5 nm. The pore size
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distribution curves of jade vein samples (YMS-3, YMS-4) and contact zone samples (JC-3,
JC-4) are of 20-65 nm, indicating a high proportion of large pores (Figure 8). A unimodal
distribution is indicative of the thorough reworking and homogenization of the original
pore architecture due to high-temperature hydrothermal activity. In contrast, a bimodal
distribution reveals the superposition of pores formed during multiple geological stages.

Table 3. Data on nitrogen adsorption.

FHH
SampleID PV (103 cm®/g) SSA (m?/g) APS (nm) PIPy < 0.5 P/Py > 0.5
Ky Drq rF1 K Dp )
YMT-1 14.086 5.292 10.647 —0.450 2.550 —0.9955 —0.402 2.598 —0.9985
YMT-2 7.826 3.223 9.711 —0.331 2.669 —0.9925 —-0.308  2.692 —0.9985
YMT-3 10.335 2.949 14.017 —0.416 2.584 —0.9925 —-0.390 2.610 —0.9975
YMT-4 3.600 0.737 19.336 —0.728 2.272 —-09879 —-0569 2431 —0.9980
YMS-1 19.500 4.377 17.832 —0.580 2.420 —0.9839 —0.513 2487 —0.9990
YMS-2 29.800 8.939 13.338 —0.676 2.324 —0.9263 —0.451 2.549 —0.9990
YMS-3 43.300 13.415 12.906 —0.612 2.388 —0.8972 —0456 2544 —0.9970
YMS-4 6.800 2.823 9.566 —0.540 2.460 —0.9905 —0.358  2.642 —0.9990
JC-1 17.271 6.861 10.069 —0.487 2.513 —0.9869 —0.384  2.616 —0.9990
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Figure 8. PSD of the jade samples.

3.4. Fractal Characteristics

The fractal data for the Tonggou jade deposit were calculated using Equation (1),
derived from the FHH model [31,32]. Within the range of P/P less than 0.5, K; and Dy
were obtained. All samples exhibited negative K; values ranging from —0.728 to —0.331.
The highest Dg; value was 2.669, with a correlation fitting data rp; of 0.9925, obtained from
the jade vein sample (YMT-2). The lowest Dg; value was 2.272, with a correlation fitting
data rp; of 0.9879, obtained from the jade vein sample (YMT-4).

Within the range of P/Py greater than 0.5, K, and Dp, were obtained. All samples also
exhibited negative K, values ranging from —0.569 to —0.308. The highest Dg, value was
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2.692, with a correlation fitting data rp, of 0.9985. The lowest Dy, value was 2.431, with a
correlation fitting data rg, of 0.9980. The linear fitting data of Dg, exhibited high precision,
with the average rp, of the Tonggou jade deposit samples exceeding 0.9986 (Table 3).

The higher linear fitting data indicate that the fractal characteristics of the collected
samples from the Tonggou jade deposit are more pronounced, with increased heterogeneity
and significantly enhanced complexity in the pore structure. The D, data of the Tonggou
jade deposit are higher than the Dg; data, but there is no clear regular relationship between
them (Figure 9).

Inin(P/P) Inln(Py/P) Inln(Py/P)

Inin(Py/P) Inin(P/P) Inn(Py/P)

y=—0.456+1.218
r=-0.9970

Inin(Py/P) Inin(Py/P) Inln(Py/P)

Figure 9. Cont.
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Figure 9. Fractal dimensions of samples. Left: red data points (P/Py > 0.5); Right: black data points
(P/Py < 0.5).

4. Discussion

4.1. Relationships Between Mineral Composition and Pore Structure

Figures 10 and 11 illustrate the influence of antigorite, tremolite, calcite, dolomite,
chlorite, and lizardite on the SSA values and PV of the Tonggou jade deposit.
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Figure 10. Correlations of SSA and mineral fraction.

https://doi.org/10.3390/min16020170


https://doi.org/10.3390/min16020170

Minerals 2026, 16, 170 14 of 21
50 14 4 ° 04 o
° 12
404 9o b 40 4
Nin 3‘) \ Eﬂ Ll
= g k-
2 30 ° 2 2 304 y=—0.374x+33.778
= 2 8- ° = r=-0.6229
=] [=] =
= = 5 201
A A y=—0.0613x+12.6122
y=0.270x+9.629 r=—0.6663 0 °
104 _ | ]
A r=0.7409 4 ° ° S
0 . . . . . 2 r r T r T T 0 T T T T T T T T
0 10 20 30 40 S0 60 70 80
20 A A 0 100 0 20 40 60 80 100 i
st v “alcite
Antigorite (%) Tremolite (%) (%
45
504 °
40 ° 50+ °
35 40 °
1 —~ 404 40 o
® ® c
“E 30 £ y=0.516x+15.772 e —0.177x427.865
S Y NISTRSI2
\:/ y=2.003x+9.594 > 30 ° r=0.3755 2 304 £=-0.0707
E 254 r=0.4290 £ g L
=1 = o - o
3 g g
> - =
5204 © 204 ° £ 201 .0
g ° £ o = ° R
15 O
104 ° ° 10
104 ° °
L]
s 0 0 T T T T T T T T T T
T T T T T T T T T T T 0 2 4 6 8 10 12 14 16 18 20 22
3 4 5 6 7 8 9 0 5 10 15 20 25
Lizardite (%)

Chlorite (%)

Dolomite (%)

Figure 11. Correlations of PV and mineral fraction.

In the study of Tonggou jade mine, higher antigorite content correlates with increased
SSA and volume of nanoscale pores. The link between antigorite and PV is higher than that
between antigorite and SSA. The periodic undulations of the silica—oxygen tetrahedral layer
in antigorite are positively correlated with the development of nanopores. The undulated
layered structure of antigorite results in uneven stress distribution between layers, and
the interlayer slip under tectonic stress facilitates the development of nanoscale tensile
fractures [33-35]. The interlayer dislocation within these structures forms a connected pore
network [36]. The pore SSA and PV in the Tonggou jade deposit exhibit a moderate positive
link with antigorite, with a correlation coefficient of 0.6395 between antigorite and SSA,
and 0.7409 between antigorite and PV. Thus, antigorite demonstrates a moderate positive
relationship with both PV and SSA.

Conversely, SSA and PV decrease with increasing content of tremolite and calcite.
Tremolite, belonging to the amphibole double-chain silicate minerals, features a rigid
silicon-oxygen tetrahedral structure, with Ca?* and Mg?* closely connecting the chains.
The high Si-O covalent bond ratio (>60%) and fixed bond angles within the chain result
in strong resistance to deformation [37,38]. Under stress, the rigid chain structure favors
lattice elastic deformation over fracture, inhibiting the formation of nanopores [39]. The
correlation coefficient between tremolite and SSA is 0.8462, and between tremolite and PV
is 0.6663. Therefore, tremolite minerals show a strong negative correlation with SSA and a
moderate negative correlation with PV.

In the Tonggou jade deposit, the crystal lattice of calcite is closely packed, with [CO3]*~
triangular layers and Ca®* alternating to form tightly stacked near-ideal spheres. During
the formation and cultivation of jade, compressive stress induces plastic deformation of
twin-crystal slip, while shear stress promotes mechanical twinning of twin crystals [40-42].
The crystal chemical characteristics of calcite actively inhibit the formation and preservation
of pores. The link between calcite and SSA, PV is 0.6458 and 0.6229, respectively. Thus,
calcite displays a curvilinear correlation with SSA and PV.
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Clay minerals experience dissolution and subsequent precipitation during diagenesis
and jade formation, processes that occur under intense and complex tectonic movements,
resulting in the formation of intricate nanoscale pores with fine structures [43]. The cor-
relation analysis reveals that the clay mineral chlorite has a medium positive correlation
with SSA (r = 0.5215). Concurrently, the amphibole mineral tremolite (a major jade-forming
phase) exhibits a moderate positive correlation with PV (r = 0.4290).

The cationic ordering of dolomite leads to the formation of nano-sized isolated pores
in lattice mismatch regions, but strong covalent C-O bonds restrict pore expansion. Conse-
quently, dolomite exerts a weak promotional effect on PV and SSA area. There is no regular
relationship between SSA and PV of the Tonggou jade deposit and the existence of lizardite.

4.2. The Influence of Pore Structure on Fractals

This paper analyses fractal dimensions of Tonggou jade using SSA, PV, and APS data.
Outlying discrete data points were excluded. Results show correlation coefficients of 0.3372
and 0.3973 between SSA and Dgy, Dgy, respectively (Figure 12a), correlation coefficients
of 0.4273 and 0.5241 between PV and Dgy, Dy, (Figure 12b), and correlation coefficients of
0.6633 and 0.9105 between APS and Dpq, Dp, (Figure 12¢). As the fractal dimension grows,
the relationship with the SSA, PV, and APS data decreases slowly.
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Figure 12. Relation between pore size and fractal dimension in Tonggou jade deposit: (a) surface area
versus fractal size; (b) PV versus fractal size; (c¢) APS versus fractal size.
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The fractal dimensions of the Tonggou jade deposit exhibited a weak link with SSA.
In the comparison between PV and fractal dimension, Dy, was greater than that of Dg;,
showing a moderate negative correlation. In the comparison between APS and fractal
dimension, the influence of Dg, was significantly stronger than that of Dg;, demonstrating
a strong negative correlation.

The Luanchuan Group, where the Tonggou deposit is located, has undergone multiple
phases of intense tectonic movements and thermal processes. The Mesoproterozoic mafic—
ultramafic magmatic activity served as the primary source of serpentine protolith in the
jade deposit, with the ultramafic rock body providing the material basis for subsequent
serpentinization. As plate subduction intensified, fold-ductile shear zones developed in the
study area, and regional metamorphic recrystallization led to tighter interlocking between
mineral grains. The intrusion of Late Mesozoic granitic plutons was key to the formation of
serpentine and tremolite in the Tonggou jade deposit [44-47]. Magmatic hydrothermal flu-
ids carrying silica engage in intense metasomatic reactions with magnesium-rich carbonate
minerals, leading to the serpentinization of the protolith. As hydrothermal activity evolves
and superimposes in later stages, silica- and calcium-rich magmatic fluids further react
with the previously formed serpentine or residual protolith, triggering the recrystallization
of tremolite. In the formation of the Luanchuan jade deposit, hydrothermal magma not
only acts as a material supply source but also as a reaction catalyst [48].

The broader the influence range of mineral grain pore structures and microcracks
in the Tonggou jade deposit, the simpler the pore distribution within and between par-
ticles, resulting in lower values of Dr; and Dp, within the study area. Therefore, the
intracontinental orogeny during the Yanshan period and the magmatic-hydrothermal
activities induced by tectonic movements were the dominant factors in the formation of
intragranular—intergranular pores, and microcracks in the Tonggou jade deposit, which are
closely related to the negative link between fractal and the deposit’s SSA, PV, and APS.

4.3. The Effect of Mineral Composition on Fractals

The formation of the Tonggou jade deposit represents a typical polyphase and multi-
stage hydrothermal metasomatic and metamorphic crystallization process, wherein mineral
precipitation follows an evolutionary trend from magnesium-rich to calcium-magnesium-
rich assemblages. Under the influence of regional metamorphism and early-stage hy-
drothermal metasomatism, the magnesium-rich protolith undergoes preliminary serpen-
tinization. Brucite is generated during this stage as a result of silica deficiency in the
fluid. As the hydrothermal system evolves and superimposes in subsequent stages, the
increased activity of calcium and silica in the fluid leads to the metasomatic replacement of
pre-existing serpentinite or dolomitic marble, resulting in the formation of tremolite, which
constitutes the primary component of nephrite. Outlying discrete data points were ex-
cluded. In the analysis of the influence of mineral classification, the outlier data points were
excluded, and the composition of the jade deposit was divided into four types: siliceous
minerals, clay minerals, marble minerals, and ferruginous minerals (Figure 13).

As the content of silica minerals such as tremolite, antigorite, and lizardite increases,
the fractal dimension gradually rises. The correlation coefficient between Dg; and siliceous
minerals is 0.3787, indicating a weak positive correlation. Fibrous tremolite microcrystals
often form intercrystalline micropores along the C-axis, while bundled and felt-like micro-
crystalline aggregates grow to form abundant fractal networks [49]. With the increase in
the fractal dimension of influencing factors, the microcrystalline aggregates of tremolite
become more complex, and pores and microfractures become more developed. Layered
silicate minerals such as serpentine typically form cleavages or fractures along their bed-
ding planes. The wavy bedding of antigorite induces structural deformation, promoting
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Fractal dimension

Fractal dimension

dislocation development [50-52]. The hydroxyl structure of serpentine is prone to con-
traction deformation during alteration, leading to the development of pores and fractures.
Hence, silica minerals such as tremolite and serpentine exhibit a positive correlation with
the fractal dimension. However, since tremolite is prone to plastic deformation under
high-temperature alteration, which heals microfractures, and serpentine is cemented and
filled by later carbonate minerals in intergranular pores, the overall correlation between
silica minerals and the fractal dimension is weakly positive [53,54].
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Figure 13. Variation diagram of mineral components with fractal dimensions.

The correlation coefficient between carbonate minerals such as calcite and dolomite
in the Tonggou jade deposit and the fractal dimension Dp; is 0.9349, indicating a strong
negative link between carbonate content and fractal dimension. Calcite has perfect rhombo-
hedral cleavage on {1014}, and under stress, cleavage planes slide to form relatively regular
pores and fractures [55,56]. Dolomite is prone to recrystallization under high temperatures,
promoting healing and development of pores and fractures. Therefore, as the content of
carbonate minerals in the Tonggou jade deposit increases, the pore system becomes simpler,
and the fractal dimension gradually decreases.

With the increase in clay minerals and iron-bearing minerals, the fractal dimension
shows no significant change. This is because fibrous chlorite minerals can both increase
pore space and, under certain conditions, block the development of pores and fractures [57].
Their complex growth variations make their impact on fractal dimension data less notice-
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able. Due to low content, iron-bearing minerals do not exhibit a discernible pattern in the
fractal dimension data of the Tonggou jade deposit.

In western Henan, Luanchuan, regional tectonic compression and folding provided
the necessary conduits for fluid migration. The multi-stage evolution and superposition of
magnesium-rich to calcium-magnesium-rich hydrothermal fluids resulted in the character-
istic paragenesis of “serpentine-nephrite-marble” observed in Yiyuan jade.

5. Conclusions

This paper examines the pore characteristics and fractal dimensions of the Tonggou
nephrite deposit, utilizing experimental techniques such as XRD, SEM, and LT-N,GA, FHH
model for data analysis. The following conclusions have been drawn:

1.  The development of the pore network (including intraparticle pores, interparticle
pores, and microfractures) in the Tonggou nephrite deposit affects the arrangement
and combination of jade mineral particles, which in turn influences the quality evalu-
ation and value potential assessment of the processed Yiyuan jade. The study area is
characterized by a high content of silica minerals and a low content of clay minerals.
The curve analysis of the Tonggou nephrite deposit exhibits Type IV characteristics,
consistent with the Hy and Hj types in the IUPAC classification. The D, data are
higher than the Dp data, but no clear regular correlation exists between them.

2. In the Tonggou nephrite deposit, antigorite and clay mineral chlorite show positive
correlations with SSA and PV, while tremolite exhibits a strong negative correlation
with SSA and a moderate negative correlation with PV. Calcite demonstrates moderate
negative correlations with them. Dolomite has a relatively weak promoting effect on
PV and SSA. The presence of lizardite shows no systematic relationship with them.

3. The fractal dimension of the Tonggou nephrite deposit exhibits a weak correlation
with SSA. In the comparison between PV and fractal dimension, Dp; is greater than
Dry, showing a moderate negative correlation. In the comparison between APS and
fractal dimension, Dp; is significantly higher than Dp;, displaying a strong negative
correlation.

4. As the content of siliceous minerals increases, the fractal dimension also gradually
rises, indicating a weak positive correlation. Conversely, with the rise in carbonate
mineral content, the pore system becomes simpler, and the fractal dimension decreases.
The complex growth and variation in clay minerals result in a less pronounced impact
on the fractal dimension data.
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