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A B S T R A C T

This work aimed to evaluate the evolution of pore networks and clay mineral in black shale weathering systems
in Chongqing, China. The pore-size distributions, relationships between fractal dimensions and minerals, and
clay mineral weathering pathways were evaluated for three weathering profiles, A, B, and C, which were
characterized as weak, weak to moderate, and moderate to intense based on the Chemical Index of Alteration. It
was found as the shale density decreased, the porosity and specific surface area increased with decreasing depth
during weathering. The largest pore diameter peak in a pore-size distribution graph shifted further right as the
degree of weathering increased. Micro-transition pores (< 100 nm) dominated the parent shale, while meso-
pores (0.1–1 μm) and macropores (> 1 μm) dominated the saprock and regolith zones. The surface fractal di-
mension of the micro-transition pores was positively correlated with the pyrite and carbonate content, but
negatively correlated with secondary clay mineral content. By contrast, the surface fractal dimension of the
macropores was negatively correlated with pyrite and carbonate content and positively correlated with sec-
ondary clay mineral content. These relationships indicate that micro-transition pores at the surface became
smoother and macropores became rougher during weathering. Inherited micas, including illite, predominated
the clay fractions along transects as weathering proceeded. The pedogenic minerals (i.e., smectite, vermiculite,
kaolinite, and mixed-layer minerals) were minor components in the saprock and regolith zones. Smectite for-
mation was likely due to direct transformation from mica or illite under strongly acidic conditions. A second
possibility is transformation proceeded through mixed-layer mineral intermediates, i.e., mica-smectite/illite-
smectite and mica-vermiculite/illite-vermiculite. The weathering of clay minerals in black shale from weak to
intense weathering stages was mica/illite→mica-smectite/illite-smectite or mica-vermiculite/illite-vermicu-
lite→ “chlorite” (including vermiculite, hydroxy-interlayered vermiculite?, and chlorite?)→ smectite→ kaoli-
nite→ gibbsite. This study revealed pore geometry evolution depends on transport-limited solutions that facil-
itate mineral breakdown and formation. The clay mineral weathering pathways were controlled by the
weathering environment and duration.

1. Introduction

Chemical weathering is an important rock-altering process that
occurs at or near the earth's surface. Weathering increases the water-
holding capacity of rock and regolith by increasing porosity and mi-
neral surface area, thereby affecting pore-size and enhancing rates of
mineral dissolution and transformation (Cousin et al., 2003; Jin et al.,
2011; Perri et al., 2015, 2016). Removal of soluble material and/or
elements, such as Ca, Mg, and/or Na, during weathering changes pore
structures and surface characteristics, ultimately leading to decreases in

solid mass and density and increases in pore diameter and porosity
(Fischer and Gaupp, 2005; Jin et al., 2013; Liao et al., 2014; Navarre-
Sitchler et al., 2013, 2015). Clay minerals are often a product of
weathering, particularly of near-surface supergene conditions. During
weathering, pre-existing clay species may transform into other clay
phases through a sequence of intermediate interstratified species (Egli
et al., 2008a, 2008b; Hong et al., 2012, 2014). In weathering systems,
the pore network is the most important physical characteristic of rock
because it provides pathways for water flow or infiltration and solute
transport. Chemical weathering reactions induce changes in the pore
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network geometry that can alter the rate of fluid transport and, thus,
lead to changes in overall rate of mineral weathering (Fletcher et al.,
2006; Navarre-Sitchler et al., 2009, 2013).

Black shales contain significant amounts of sulfides and organic
matter that can create acidic water under oxidative weathering condi-
tions. Acidic weathering zones for black shale are characterized by in-
tense mineral dissolution and transformation (Jin et al., 2013; Ling
et al., 2016). Previous investigations on weathering of black shale and/
or sulfide rock have focused predominantly on mineral dissolution,
products of sulfide weathering, and mobilization of elements (Jaffe
et al., 2002; Fischer et al., 2009; Jin et al., 2010, 2013; Peng et al.,
2014; Ling et al., 2015, 2016; Langman et al., 2015; Wu et al., 2015;
Wang et al., 2017). Meanwhile, phyllosilicate transformation in black
shale weathering zones (Jin et al., 2010; Peng et al., 2014) and of
sulfide-bearing rocks (De Kimpe and Miles, 1992; Uzarowicz et al.,
2011, 2012), especially in relation to acidic weathering conditions,
have received little attention. Previous studies have characterized
changes in solute transport that result from alterations in pore diameter
and surface characteristics of igneous and metamorphic rock during
weathering and rock disaggregation (Chigira et al., 2002; Navarre-
Sitchler et al., 2009, 2013, 2015; Jamtveit et al., 2011; Bazilevskaya
et al., 2013, 2015; Behrens et al., 2015; Perri et al., 2015, 2016).
However, the evolution of pores in black shale during weathering
(Fischer and Gaupp, 2005; Jin et al., 2011, 2013) has not been ex-
tensively studied. Although previous studies have increased our un-
derstanding of pore evolution and phyllosilicate transformation in
various rock types (Fischer and Gaupp, 2005; Fischer et al., 2009; Egli
et al., 2008a, 2008b; Navarre-Sitchler et al., 2009, 2013; Uzarowicz
et al., 2011, 2012; Jin et al., 2010, 2013; Borrelli et al., 2014; Peng
et al., 2014), a better understanding of pore evolution and character-
ization of clay minerals in black shale weathering systems is required.
Therefore, this present study aimed to characterize pore evolution and
clay mineral transformation pathways in black shale. It is believed the
results of this study will increase our knowledge of black shale
weathering systems.

Within the black shale weathering systems used in this study, pyrite
oxidation was the first weathering reaction to enhance porosity.
Subsequently, dissolution of carbonate and plagioclase occurred, in-
creasing pore volume as weathering proceeded (Ling et al., 2016). The
origins, formation, and transformation of clay minerals are also im-
portant processes during black shale weathering. Pore structure can be
significantly affected by both non-clay and clay mineral weathering. To
better understand these processes, we investigated pore changes and
clay mineral evolution pathways for three different weathering profiles
for shale found in the lower Cambrian: (A) mid-ridge, (B) near the
mountaintop, and (C) on the valley floor. Profiles A, B, and C were
characterized as weak, weak-to-moderate, or moderate-to-intense based
on their weathering intensity as evaluated based on the Chemical Index
of Alteration (CIA) (Ling et al., 2015, 2016). The objectives of this study
were three-fold: (i) to better understand the physical properties of black
shale during weathering, (ii) to assess pore size distribution and
structure based on fractal dimensions and correlate these with mineral
dissolution and/or formation, and (iii) to identify clay fraction evolu-
tion and weathering pathways for different weathering stages under
acidic weathering conditions.

2. Geological setting

The study area was located in Chengkou County in the northeastern
Chongqing Province of China (Fig. 1a), which is situated in the Daba-
shan tectonic belt. A simplified structural map of Dabashan Mountain is
presented in Fig. 1b and a general geological map of the Chengkou area
is shown in Fig. 1c. The landscape mainly consisted of low-mountain
and valley-landforms covered with broad-leaved trees and bushes. The
altitude ranged from 750 to 1250m and the climate was a subtropical
climate zone dominated by East Asian monsoons. The mean annual

temperature was 13.8 °C and the average annual rainfall was 1261mm.
The Renhe River flows from southeast to northwest through Chengkou
County. Samples were obtained at latitude N31°57′-31°58′ and long-
itude E108°38′-108°39′ and to the west of the Renhe River. This site was
chosen specifically because of excavation activity that provided access
to three well-developed vertical profiles (A, B, and C) (Fig. 1d). The
three profiles were all from within the Chengba block and were covered
by Shuijingtuo Formation black shale. The mineralogy and geochem-
istry of the three profiles has been previously reported on in detail (Ling
et al., 2015, 2016). Variations in the composition of Shuijingtuo For-
mation shale and its structural complexity make it difficult to distin-
guish heterogeneity in the three profiles from parent rock. Nevertheless,
the bottom sample of every profile was assumed to be parent rock for all
three weathering profiles in this present study. Profiles were then
subdivided in order into the four zones of parent shale, fractured shale,
saprock zone, and regolith zone, where parent rock was deepest and the
regolith zone was closest to the surface (Ling et al., 2016).

3. Methods

3.1. Clay mineralogy analysis

Clay fractions (< 2 μm) were separated from bulk shale powder
using a previously published sedimentation method (Jackson, 1978;
Poppe et al., 2002). Briefly, samples in powder form were dissolved in
20% dilute acetic acid to remove carbonate minerals (Jin et al., 2010)
and then treated with 30% H2O2 with Calgon to destroy any organic
matter. Note these acid and H2O2 solutions likely partially dissolve
chlorite. The dispersed clay suspensions settled for approximately 60 h.
The resulting suspension in the uppermost part of the beaker was then
transferred to a polyethylene tube and then centrifuged at 2000 rpm for
5min to collect the clay fraction. This clay suspension was pipetted
onto a glass slide and allowed to dry at room temperature for 48 h. Clay
fractions were further treated sequentially by (i) air drying, (ii) Mg-
saturation with glycerol (Mg-Glycerol), and (iii) K-saturation and then
incubating at 335 °C and 550 °C for 2 h (K-335 °C and K-550 °C, re-
spectively). All treated samples on the glass slides were then analyzed
by X-ray diffraction (XRD) using Cu-Kα radiation (PANalytical; Neth-
erlands; 40 kV; 40mA) from 3° to 30° (15°) 2θ with a counting time of
1 s per 0.02° 2θ step.

3.2. Scanning electron microscopy

For scanning electron microscopy (SEM) analysis, small blocks of
individual shale samples were vacuum impregnated and coated with
gold. SEM was then performed using a Carl Zeiss Ultra 55 Plus scanning
electron microscope (Germany) with an accelerating voltage of 15 kV.

3.3. Density and porosity

Total porosity of the shale samples was roughly estimated based on
bulk and particle densities. Briefly, powdered samples were dried at
105 °C overnight and then particle densities (ρs) were measured using
the pycnometer method and bulk densities (ρd) were determined using
the paraffin-sealing method (GB/T 50266-2013). Briefly, bulk samples
were weighed either without or with paraffin in air and water, re-
spectively. A rough estimate of total porosity (ϕt) was calculated as
follows:

= − ×ϕ (1 ρ /ρ ) 100%t d s (1)

3.4. High-pressure mercury injection

Samples were crushed and dried in an oven at 105 °C under high
vacuum conditions. A Micromeritics AutoPore IV 9500 Porosimeter
(USA) was used to record the volume of injected mercury at each
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pressure step increase. For the applied pressure, the injection amount at
a given pressure is related to pore diameter (d). Assuming cylindrical
pores and using the Laplace-Washburn equation (Washburn, 1921),

= − ×d θ4γ cos
P

109
(2)

where d is pore throat diameter (nm), P is the entry pressure (N/m2), γ
is the interfacial tension (0.485 N/m), and θ is the contact angle (130°).

The pore size distribution of black shale in different zones was in-
cluded in our high-pressure mercury injection (HPMI) analysis. Results
were recorded using Hodot pore-size nomenclature with subdivisions
into micropores (< 10 nm), transition-pores (10–100 nm), mesopores
(0.1–1 μm), and macropores (> 1 μm). Advection/seepage and diffu-
sion occur predominantly at pore sizes of> 0.1 μm and<0.1 μm, re-
spectively (Hodot, 1966; Squires and Quake, 2005; Yao et al., 2009; Cai
et al., 2013; Fu et al., 2017).

3.5. Low-pressure N2 gas adsorption

Samples used in low-pressure N2 gas adsorption (LP-N2GA) analysis
were crushed and sieved through a 60-mesh (< 250 μm). Briefly, low-
pressure N2 adsorption/desorption isotherms were obtained at 77.3 K

using a Micromeritics ASAP 2460 (USA) and recording at relative
pressures (P/P0) of 0.01 to 1. The resulting isotherm shapes provided a
qualitative assessment of the micro-transition pore shape (2–100 nm)
(Kuila and Prasad, 2011). The specific surface area (SBET) was calcu-
lated from the N2 adsorption using the Brunauer-Emmett-Teller method
(Brunauer et al., 1938).

3.6. Fractal method

Fractal theory can be used to describe the fractal geometric and
structural properties of a solid surface (Pfeifer and Avnir, 1983; Avnir
and Farin, 1983). The fractal dimension D is a quantitative index used
to characterize the roughness or complexity of a solid surface (Navarre-
Sitchler et al., 2013, 2015; Hu et al., 2016; Fu et al., 2017). Two cal-
culation methods based on HPMI and LP-N2GA have been widely used
to characterize pore structure complexity. In this study, the surface
fractal dimensions were defined as Dn, Dm1, and Dm2 for micro-transi-
tion pores (< 100 nm), mesopores (0.1–1 μm), and macropores
(> 1 μm), respectively.

Using the Laplace-Washburn equation (Washburn, 1921), the sur-
face fractal dimension of meso-macropores (> 100 nm) was calculated
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from HPMI data. This surface fractal dimension is only applicable to
meso-macropores because HPMI can damage micro-transition pores
(< 100 nm) (Cai et al., 2013). The Dm1 and Dm2 were obtained based on
thermodynamic principles as follows (Zhang and Li, 1995, Zhang et al.,
2006; Mahamud and Novo, 2008):

∫⎧

⎨
⎩

=

=
−

−

W PdV

D d
d

v 0
v

m
ln(W R )

ln(V R )
v 2

1/3 1 (3)

where R is the pore radius (nm) from Eq. (2), V is the cumulative vo-
lume (mL/g) of the injected mercury at given pressure P, Wv is the
accumulated surface energy (J) in mercury intrusion up to the nth stage
(Zhang and Li, 1995; Zhang et al., 2006), P is the absolute injection
pressure (MPa), and Dm is the surface fractal dimension. The Dm equals
the slope of ln(WvR−2) versus ln(V1/3R−1).

The Dn can be determined from N2 adsorption data using the
Frenkel-Halsey-Hill model. This model can be used for adsorbent-ad-
sorbate interactions in multilayers (Pfeifer and Avnir, 1983) and can be
described as follows (Ahmad and Mustafa, 2006; Tang et al., 2015; Hu
et al., 2016; Fu et al., 2017):

= + ⎡
⎣⎢

⎛
⎝

⎛
⎝

⎞
⎠

⎞
⎠

⎤
⎦⎥

ln(V) C A ln ln P
P

0

(4)

where V is the volume (cm3/L) of adsorbed gas at equilibrium pressure
P, P0 represents the gas saturation pressure (MPa), P represents the
equilibrium pressure (MPa), C is a constant, and A1 represents the slope
of the double logarithm curve of lnV versus ln(ln(P0/P)). In general, the
Dn for pores< 100 nm can be calculated using Dn=A+3 (Tang et al.,
2015; Hu et al., 2016).

4. Results

4.1. Density, porosity, and SBET

The bulk and particle density of black shale are presented in
Table 1. Black shale bulk density decreased the closer the sample was to
the surface, regardless of sampling site location. These densities ranged
from 2.65 to 1.53 g/cm3, 2.50 to 1.67 g/cm3, and 2.74 to 1.35 g/cm3 in
profiles A, B, and C, respectively. Very low bulk densities were observed
at the surface for profiles A and B and at the bottom of the regolith zone
of profile C. Particle densities also decreased moving towards the sur-
face and ranged from 2.69 to 2.41 g/cm3, 2.63 to 2.47 g/cm3, and 2.76
to 2.40 g/cm3 in profiles A, B, and C, respectively. The particle density
sharply decreased at the top of the transect due to the addition of or-
ganic matter on the surface of the mineral grain. Reductions in bulk
density were larger than for particle density.

The total porosities, which were calculated using Eq. (1), increased
from 2, 5, and 1% near the parent shale to 36, 33, and 43% in the
regolith zones of profiles A, B, and C, respectively. The SBET calculated
from the N2 adsorption isotherms using the Brunauer-Emmett-Teller
method are presented in Table 1. The SBETs ranged from 2.14 to 17.03,
3.99 to 14.87, and 3.79 to 14.81m2/g for profiles A, B, and C, re-
spectively. The SBET increased as the degree of weathering increased,
which is consistent with the decreases in the bulk and particle densities
and increases in porosity.

Table 1
The physical parameters of black shales in three profiles.

Zonation Sample Depth (m) ρd (g/cm3) ρs (g/cm3) ϕt (%) SBET (m2/g) ± a (m2/g) pHb CIA

Regolith A-1 0.10 1.53 2.41 36 17.03 0.05 6.03 63.71
A-2 0.25 1.79 2.45 27 15.58 0.06 4.25 63.30
A-3 0.45 1.72 2.42 29 13.80 0.02 3.28 63.94

Saprock A-4 0.55 1.92 2.49 23 10.38 0.04 2.82 63.92
A-5 0.65 1.90 2.45 23 9.56 0.04 2.68 62.60
A-6 0.75 1.98 2.49 20 6.08 0.11 3.40 62.60
A-7 0.85 2.22 2.55 13 3.93 0.08 4.24 56.55
A-8 1.10 2.42 2.60 7 2.97 0.09 5.88 53.38

Fractured shale A-9 1.50 2.50 2.64 5 3.91 0.08 6.12 54.25
A-10 2.10 2.61 2.67 3 2.88 0.08 6.88 54.01

Parent shale A-11 3.00 2.65 2.69 2 2.14 0.08 6.52 53.65
Regolith B-1 0.50 1.67 2.48 33 14.87 0.07 7.04 69.12

B-2 1.00 1.90 2.55 25 7.80 0.05 6.55 66.00
B-3 1.50 1.88 2.53 25 6.45 0.05 6.62 70.62

Saprock B-4 2.00 1.75 2.47 29 4.92 0.05 6.20 61.46
B-5 2.50 1.82 2.54 28 6.70 0.08 6.02 70.82
B-6 3.20 1.72 2.49 31 6.93 0.06 4.43 65.15
B-7 4.00 1.98 2.52 21 6.14 0.10 6.50 59.55

Fractured shale B-8 4.80 2.14 2.53 16 6.67 0.07 6.38 57.98
B-9 5.50 2.21 2.55 13 5.81 0.06 6.51 57.36
B-10 6.20 2.38 2.57 7 4.47 0.07 6.80 55.30

Parent shale B-11 7.00 2.50 2.63 5 3.99 0.10 7.12 52.44
Regolith C-1 0.50 1.56 2.40 35 14.73 0.07 6.54 79.84

C-2 1.00 1.49 2.40 38 14.81 0.07 6.40 78.90
C-3 1.50 1.35 2.41 43 11.03 0.04 6.16 79.09

Saprock C-4 2.00 1.43 2.40 40 9.60 0.10 6.35 79.42
C-5 3.00 1.57 2.42 35 10.54 0.07 3.85 79.82
C-6 4.00 1.79 2.50 28 7.68 0.05 3.70 79.20
C-7 5.00 1.71 2.48 31 8.72 0.06 4.74 79.62
C-8 6.20 1.86 2.48 25 7.34 0.17 4.65 79.09

Fractured shale C-9 8.00 1.90 2.53 25 6.86 0.08 6.83 73.34
C-10 9.00 2.45 2.58 5 4.22 0.11 7.22 72.97

Parent shale C-11 10.50 2.74 2.76 1 3.79 0.10 7.26 70.57

ρd: bulk density; ρs: particle density; ϕt: total porosity; SBET: specific surface area, which are computed by BET method from LP-N2GA data; CIA: Chemical Index of Alteration,
CIA=[Al2O3 / (Al2O3+CaO*+Na2O+K2O)]× 100, and the CIA values are derived from Ling et al. (2016).

a Standard errors of specific surface area (SBET).
b The pH values are derived from Ling et al. (2016).
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4.2. Clay fraction mineral composition

4.2.1. Clay mineral identification
Results of clay fraction (< 2 μm) XRD analysis of the three profiles

are summarized in Table 2 and representative XRD patterns are shown
in Figs. 2–4. Mica, which included illite, was identified under all con-
ditions based on the presence of basal reflections 001, 002, and 003 at
1.0, 0.5, and 0.333 nm (quartz was not considered here), respectively,
which did not change position after diagnostic tests (Poppe et al.,
2002).

Smectite was identified in air-dried clay-fraction samples at 1.2 and
1.5 nm, where a shift to approximately 1.8 nm was observed after Mg-
Glycerol treatment.

Kaolinite was identified in air-dried samples based on the presence
of basal reflections at 0.715 and 0.358 nm. These reflections did not
shift significantly after treatment with either Mg-Glycerol or K-satura-
tion with heating to 335 °C, but disappeared upon heating to 550 °C.

Vermiculite was identified in the air-dried samples based on the
basal 001 reflection at 1.4 nm. The same basal 001 reflection was
present at 1.4 nm after Mg-Glycerol treatment. By contrast, the 001
reflection moved to 1.0 nm and formed an asymmetric peak after K-
saturation and heating to both 350 and 550 °C. Hydroxy-interlayered
vermiculite (HIV) manifested in the incomplete collapse of the basal
001 reflection into a broad peak after K-saturation and heating to
335 °C. Meanwhile, this 1.4 nm peak disappeared and shifted to 1.0 nm
after heating to 550 °C.

Chlorite (Ch) was identified based on the basal 001 reflection near
1.4 nm, which did not change position after Mg-Glycerol or K-satura-
tion treatment, even persisting following K-saturation with heating to
550 °C. However, chlorite was dissolved upon using a 2mol/L HCl

solution (Jackson, 1978). The chlorite structure was partly affected by
the clay treatment, resulting in a decrease in the intensity or dis-
appearance of the chlorite XRD peak.

4.2.2. Profile A, mid-ridge
Results from the XRD analysis and representative clay sample pat-

terns from profile A are shown in Table 2 and Fig. 2. Characteristic clay
phase reflections below 0.85m (A-7 to A-11) were at 1.0, 0.7, and
0.333 nm, indicating that mica (muscovite in this study) and illite were
preserved in parent and fractured shale, as well as deeper portions of
the saprock zone. At the upper parts of the saprock zone, smectite was
identified in air-dried samples based on the presence of a reflection at
1.28 nm that shifted to approximately 1.8 nm after Mg-Glycerol treat-
ment (Poppe et al., 2002; Skiba, 2007; Uzarowicz et al., 2011).

In the regolith zone, mica (including illite) dominated the clay
fraction (Table 2). Kaolinite was identified in the regolith zone based on
0.715 and 0.358 nm reflections in air-dried samples, Mg-Glycerol-
treated samples, and K-335 °C-treated samples, and the disappearance
of the 0.715 nm reflection in K-550 °C-treated samples (Fig. 2). Mixed-
layer clays containing swelling interlayers, most likely illite-smectite (I-
S) or mica-smectite (M-S), developed in the regolith zone and were
identified based on reflections at 1.1–1.2 nm in air-dried samples that
shifted to 1.2–1.4 nm after Mg-Glycerol treatment. These mixed-layer
mineral composites increased with weathering, as indicated by the in-
creasing reflection intensity. The reflected peaks of mixed-layer mi-
nerals (I-S/M-S) that had been air-dried and treated with Mg-Glycerol
also shifted to lower angles as sample location moved closer to the
surface (A-3→ A-1).

Table 2
Mineral compositions of clay fractions (< 2 μm) and relative proportions of minerals identified in three profiles based on XRD analysis.

Zonation Sample Depth (m) M/I I-S/M-S I-V/M-V V HIV Ch S K G

Regolith A-1 0.10 ++++ ++ − − − − ? + −
A-2 0.25 ++++ + − − − − + ++ −
A-3 0.45 ++++ + − − − − ++ ++ −

Saprock A-4 0.55 ++++ + − − − − + − −
A-5 0.65 ++++ + − − − − + − −
A-6 0.75 ++++ − − − − − − − −
A-7 0.85 ++++ − − − − − − − −
A-8 1.10 ++++ − − − − − − − −

Fractured shale A-9 1.50 ++++ − − − − − − − −
A-10 2.10 ++++ − − − − − − − −

Parent shale A-11 3.00 ++++ − − − − − − − −
Regolith B-1 0.50 ++++ +(?) ++ − − +(?) + ++ −

B-2 1.00 ++++ ? + − + + + + −
B-3 1.50 ++++ + + − + + ++ + −

Saprock B-4 2.00 ++++ + − − − − + + −
B-5 2.50 ++++ + − − − − + + −
B-6 3.20 ++++ ? − − − − + − −
B-7 4.00 ++++ ? − − − − − − −

Fractured shale B-8 4.80 ++++ − − − − − − − −
B-9 5.50 ++++ − − − − − − − −
B-10 6.20 ++++ − − − − − − − −

Parent shale B-11 7.00 ++++ − − − − − − − −
Regolith C-1 0.50 ++++ +(?) +(?) + ++ − + ++ +

C-2 1.00 ++++ + + + ++ − + ++ ?
C-3 1.50 ++++ +(?) +(?) + ++ − ++ ++ −

Saprock C-4 2.00 ++++ + ? + − − + ++ −
C-5 3.00 ++++ ? ? + − − + + −
C-6 4.00 ++++ + − − − − − − −
C-7 5.00 ++++ + − − − − − − −
C-8 6.20 ++++ ? − − − − − − −

Fractured shale C-9 8.00 ++++ − − − − − − − −
C-10 9.00 ++++ − − − − − − − −

Parent shale C-11 10.50 ++++ − − − − − − − −

M: mica; I: illite; I-S: illite-smectite mixture phase; M-S: mica-smectite mixture phase; I-V: illite-vermiculite mixture phase; M-V: mica-vermiculite; V: vermiculite; Ch: chlorite; HIV:
hydroxy-interlayered vermiculite; G: gibbsite; S: smectite; K: kaolinite.
−: not identified; ?: uncertain occurrence; +(?): uncertain in minor amounts; +: present in minor amounts; ++: present in moderate amounts; ++++: present in very large amounts.
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4.2.3. Profile B, near the mountaintop
XRD results and representative clay fraction patterns for profile B

are shown in Table 2 and Fig. 3. Mica (including illite) was present
across the entire profile with 1.0, 0.7, and 0.333 nm reflections that did
not shift under any treatment conditions. Mica (including illite) was
preserved in the parent and fractured shale zones. From the bottom (B-
7) to the top of the saprock zone (B-4), M-S or I-S likely formed, as
indicated by the formation of a weak peak at 1.1–1.2 nm in air-dried
samples that shifted to approximately 1.5–1.6 nm after Mg-Glycerol
treatment. Clay fractions in the upper saprock zone were dominated by
smectite and kaolinite.

A mica-vermiculite (M-V) mixed-layer was identified in the regolith
samples based on the appearance of a reflection between 1.0 and
1.4 nm after Mg-Glycerol treatment. However, this reflection dis-
appeared after K-saturation and heating to 350 and 550 °C. HIV was
identified in the regolith zone based on the reflection at 1.4 nm after air
dried, Mg-Glycerol, and K-saturated treatment, while the 1.4 nm re-
flection shifted to 1.3 nm in K-335 °C-treated samples and then shifted
to 1.0 nm in K-550 °C-treated samples. This suggests the presence of
HIV in the regolith samples. Chlorite was identified in the regolith
samples based on a reflection at 1.4 nm that did not shift after any di-
agnostic treatments. The XRD pattern for sample B-1 after Mg-Glycerol

treatment included a superstructure reflection at 2.43 nm. This reflec-
tion disappeared after K-saturation and heating to either 335 or 550 °C
treatment, indicating that the presence of a small amount of M-V.
Smectite, I-S, and kaolinite were also identified in the regolith zone.

4.2.4. Profile C, valley floor
According to XRD analysis and patterns obtained for profile C

(Table 2 and Fig. 4), the clay phases in the parent and fractured shales
(C-11 to C-8) had characteristic reflections at 1.0, 0.7, and 0.333 nm,
suggesting a composition of primarily mica (including illite). Smectite
was identified in the air-dried samples at 1.2–1.5 nm in the upper
portion of the saprock zone to the regolith zone (C-5 to C-1). This ex-
panded to approximately 1.8 nm after Mg-Glycerol treatment. M-S and
IeS were present in both the saprock and regolith samples (C-8 to C-1)
as identified in air-dried samples as reflections at 1.1–1.2 nm that
shifted to 1.2–1.4 nm after Mg-Glycerol treatment.

The increase in intensity for the 1.4 nm reflection of air-dried
samples following Mg-Glycerol treatment suggests vermiculite was
present in the samples. Moreover, the intensity of the 1.4 nm reflection
decreased after K-saturation and heating to either 335 and 550 °C.
Collectively, these results suggest that vermiculite was present in the
upper saprock and regolith zones (C-5 to C-1). When K-saturated
samples from the regolith zone were heated to 335 °C, the 1.4 nm re-
flection shifted to 1.36 nm/1.25 nm and the intensity of the 1.0 nm
reflection increased. This suggests the presence of HIV in the C-3 to C-1
samples. Meanwhile, 1.36 nm /1.25 nm reflections shifted to 1.0 nm
when samples were heated to 550 °C, indicating that the 1.4 nm re-
flection resulted from HIV in the regolith materials (Harris et al., 1992).
Clay-fraction XRD patterns of samples from the upper portion of the

Fig. 2. The XRD patterns of representative samples showing the clay composition in
profile A (interplanar spacing unit in nm). Mg-Glycerol: Mg-saturated with glycerol-sol-
vated; K-saturation: K-saturated in air condition; K-335 °C: K-saturated with heated to
335 °C; K-550 °C: K-saturated with heated to 550 °C. Mineral symbols for Figs. 2–4 and
text, I: illite, M: mica (muscovite), S: smectite, K: kaolinite, V: vermiculite, Ch: chlorite, G:
gibbsite; HIV: hydroxy-interlayered vermiculite, M-S: mica-smectite; M-V: mica-vermi-
culite, I-S: illite-smectite, I-V: illite-vermiculite.

Fig. 3. The XRD patterns of representative samples showing the clay composition in
profile B (interplanar spacing unit in nm). Mineral symbols are the same as for Fig. 2.
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saprock zone to the regolith zone (C-5 to C-1) included a broad peak
between 1.0 nm and 1.4 nm after Mg-Glycerol treatment that dis-
appeared after K-saturation, indicating the existence of a mixed-layer of
M-V.

In the C-1 sample, the peak observed at 0.715 nm shifted to ap-
proximately 0.8 nm after Mg-Glycerol treatment, which may be a result
of kaolinite-smectite (K-S) interstratification (Schultz et al., 1971;
Dudek et al., 2007; Hong et al., 2012). Gibbsite was present in C-1 air-
dried samples and was identified based on reflections at 0.482 and
0.435 nm that were unaltered by Mg-Glycerol treatment. Taken to-
gether, these results indicate the presence of a K-S mixed-layer and
gibbsite minerals at the top of the regolith zone.

4.3. Pore size distribution as determined by HPMI

Pore volumes and percentages for shales in different zones are
summarized in Table 3. Total pore volumes ranged from 0.0055 to
0.2379mL/g, 0.0195 to 0.1944mL/g, and 0.0024 to 0.3189mL/g in
profiles A, B, and C, respectively. Based on pore percentages, parent
shale was primarily composed of micro-transition pores (≥61%), as
well as 36 and 28% macropores in profiles A and B, respectively. The
dV/dlog(d) versus d (pore diameter) plot calculated from the differ-
ential pore volume curve was identical to the pore size distribution and
reflected the concentrations of pore sizes (Yao et al., 2009; Hu et al.,

2016). The plots of dV/dlog(d) versus d for the three profiles are pre-
sented in Fig. 5. Based on the resulting peak patterns, these plots were
categorized as unimodal, bimodal, and multimodal (Hu et al., 2016).

In profile A, the parent shale (A-11) had the lowest volume of pores
with a unimodal peak for transition-pores positioned at approximately
17 nm. In the fractured shales (Fig. 5a), the tallest peak was from micro-
transition pores. Samples from the saprock zone (Fig. 5b) plotted as
either bimodal or multimodal with the tallest peak being for the pri-
mary pore type, mesopore, which is consistent with our results re-
garding mesopore percentage (21–57%). Transition-pore peaks were
observed at 30–40 nm for all saprock materials with peak values ap-
proximately 2- to 4-fold greater than in fractured and parent shales. In
the regolith zone (Fig. 5c), all samples had bimodal plots. The tallest
peak shifted from the mesopore position (~0.8 μm) towards the bottom
of the regolith zone to the macropore positon (~6 μm) at the surface.
The dominant pores in the regolith zone were macropores (55–62%).
The second plot peaks at the transition-pore position for the regolith
zone were larger than those obtained from saprock samples.

In profile B, the parent shale displayed a multimodal plot, where
three peaks were observed corresponding to the micropore (~8 nm),
transition-pore (~30 nm), and macropore (~9 μm) positions. The
micro-transition pores were the dominant form in the parent rock,
making up 61% of pores (Fig. 5d, Table 3). The fractured shale had a
bimodal plot, where the peaks were tallest for the transition-pore region
(~30 nm) in sample B-10 and mesopore region (0.1–0.2 μm) in the

Fig. 4. The XRD patterns of representative oriented clay samples in profile C (interplanar
spacing unit in nm). Mineral symbols are the same as for Fig. 2.

Table 3
Total pore volume and pores percentage at different diameters of shales from HPMI.

Zonation Sample Depth Vtotal
a Micro-

transition
poreb

Mesoporeb Macroporeb

(m) (mL/g) (%) (%) (%)

Regolith A-1 0.10 0.2379 20 18 62
A-2 0.25 0.1498 22 15 62
A-3 0.45 0.1667 24 22 55

Saprock A-4 0.55 0.1192 23 32 45
A-5 0.65 0.1180 21 52 26
A-6 0.75 0.1030 18 57 25
A-7 0.85 0.0563 31 40 29
A-8 1.10 0.0283 50 21 29

Fractured
shale

A-9 1.50 0.0207 44 15 41
A-10 2.10 0.0086 61 4 35

Parent
shale

A-11 3.00 0.0055 63 1 36

Regolith B-1 0.50 0.1944 14 41 45
B-2 1.00 0.1339 16 45 39
B-3 1.50 0.1309 10 38 52

Saprock B-4 2.00 0.1662 9 41 50
B-5 2.50 0.1530 15 42 43
B-6 3.20 0.1784 16 39 45
B-7 4.00 0.1077 21 41 38

Fractured
shale

B-8 4.80 0.0734 32 48 20
B-9 5.50 0.0600 30 54 16
B-10 6.20 0.0305 47 30 23

Parent
shale

B-11 7.00 0.0195 61 11 28

Regolith C-1 0.50 0.2243 14 18 68
C-2 1.00 0.2508 14 16 70
C-3 1.50 0.3189 15 14 71

Saprock C-4 2.00 0.2821 21 13 65
C-5 3.00 0.2235 22 17 61
C-6 4.00 0.1585 21 16 63
C-7 5.00 0.1772 25 17 58
C-8 6.20 0.1367 21 31 48

Fractured
shale

C-9 8.00 0.1311 28 20 52
C-10 9.00 0.0221 23 34 43

Parent
shale

C-11 10.50 0.0024 85 9 6

a Vtotal represents total pore volume from HPMI data.
b Micro-transition pores:< 100 nm; mesopores: 0.1–1 μm; macropores:> 1 μm.
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upper parts of the fractured shale zone. In the saprock zone (Fig. 5e),
samples had multimodal plots for pore size distribution. These dis-
tributions were concentrated in the mesopore range, where the tallest
pore peak was located at 0.5–0.9 μm and the pores were primarily 0.1
to 10 μm in size. The transition-pore peak shifted from approximately
10 nm in the fractured and parent materials to 20–40 nm in the saprock
zone, indicating the transition-pore diameters increased as weathering
proceeded. Macropore dwarf peaks appeared primarily at 1–3, 5–8, and
80–200 μm in saprock materials. In the regolith zone (Fig. 5f), pore
plots were multimodal with the tallest peaks positioned at 1–2 μm. The
pore sizes were primarily 0.1–3 μm meso-macropores. In addition, the
tallest pore peak shifted right as the depth decreased from the transi-
tion-pore to the macropore position (Fig. 5d–f).

In profile C, the parent rock plot (C-11) had a dwarf peak at 10 nm
(Fig. 5g) and was dominated by a unimodal peak for micro-transition
pores (85%). The fractured shale had a bimodal plot with the dominant
peaks at approximately 10–20 nm (Fig. 5g), where the highest peak
value was<0.025mL/g. The samples obtained from the saprock zone
had multimodal plots (Fig. 5h) that indicated the samples were domi-
nated by macropores (48–65%). The tallest peak was observed at
3–6 μm with a value of ~0.17mL/g, where macropores primarily fall in
the 2–20 μm range. The transition-pore peak position shifted from
10 nm in the fractured material to 30–50 nm in the saprock zone with
peak values up to 1.2–3-fold higher than in fractured sample C-10. In
the regolith zone (Fig. 5i), the tallest peaks were at 10–20 μm and

formed multimodal plots. Macropores (4–30 μm) were the major con-
tributors to pore volume, making up 68–71% of the pores. Compared
with materials obtained from the saprock zone, the volume of 1–2 μm
pores in the regolith zone increased and the tallest peak shifted towards
larger pore sizes (termed “right shift”).

4.4. Characterization of pore structure

The presence of complex pores in shales from different zones was
confirmed by SEM. As shown in Fig. 6, samples contained a large vo-
lume of channel and vuggy pores as weathering proceeded. The most
common meso-macropore shapes were cylindrical, wedged, triangular,
flat, and slit-like (Fig. 6a–b). The dissolved pores formed elliptical or
irregularly shaped structures due to mineral dissolution and re-
precipitation, including in quartz, plagioclase, carbonate, and pyrite
(Figs. 6b–c). Clay minerals commonly occurred as flat particles and
resulted in slit-shaped pores (Fig. 6d). In addition, some bottleneck (‘ink
bottle’) meso-macropores were identified from the HPMI curve.

Gas isotherm shapes allowed pore shapes to be distinguished by<
100 nm (micro-transition pores in this study) (Rouquerol et al., 1994;
Tang et al., 2015). The N2 adsorption and desorption isotherms for
black shale from the three profiles are shown in Fig. 7. According to the
International Union of Pure and Applied Chemistry classification
(Thommes et al., 2015), the isotherm shapes for all samples were Type
IV(a). These shapes could be further divided into hysteresis loop shapes

Fig. 5. Pore size diameters of black shales in different zones from high-pressure mercury injection (HPMI). (a–c) profile A; (d–f) profile B; (g–i) profile C. Parent and fractured shale zone
in (a), (d), and (e); Saprock zone in (b), (e), and (h); Regolith zone in (c), (f), and (i).
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belonging to Types H4 and H3. Parent and fractured shales contained
Type H4 (Figs. 7a–c) hysteresis loops with narrow and slit-like micro-
transition pores, suggesting stratification or lamellation pores in the
shale. The saprock and regolith samples (Figs. 7d–i) contained Type H3
hysteresis loops, where pores were flat as well as slit-like (Rouquerol
et al., 1994; Thommes et al., 2015).

4.5. Fractal dimensions

The fractal dimensions of the pores were calculated using Eqs.
(3)–(4) and are summarized in Table 4. Plots of ln(V) vs. ln(P0/P) and ln
(WvR−2) vs. ln(V1/3R−1) for representative samples are shown in Ap-
pendix Figs. 1–2. After linear fitting, some mesopore fractal dimensions
(Dm1) were>3 (Table 4), which did not meet the fractal characteristics
under natural conditions (Pfeifer and Avnir, 1983; Fu et al., 2017).
These anomalous values (Dm1 > 3) can also be interpreted as meso-
pore evolution occurring during weathering.

In profile A, the Dn of micro-transition pores ranged from 2.56 to
2.90. The maximum value of 2.90 was preserved in the parent shale (A-
11). The Dn decreased to 2.56 from the parent shale to the upper parts
of the saprock zone, but then increased to 2.64 in the regolith zone.
Mesopore Dm1 ranged from 2.62 to 3.51 in profile A, where values were
~3 in both saprock and fractured shales. In addition, Dm2 ranged from
2.34 towards the parent rock to 2.83 at the surface.

In profile B, Dn ranged from 2.63 to 2.86 with the maximum value
found in the parent shale (B-11). Meanwhile, the Dn decreased moving
from the parent shale to the surface. Dm1 ranged from 2.54 to 3.36,
where the Dm1 of the fractured shale was>3. The lowest Dm1 value of
2.54 was found in the upper saprock zone at a depth of 2.50m. Dm2

ranged from 2.75 to 2.91, where the Dm2 of parent shale was less than
that of other weathered shales.

In profile C, the Dn of micro-transition pores ranged from 2.61 to
2.90 and decreased moving from the parent shale to the surface. Dm1

ranged from 2.55 to 3.50 and displayed irregular variation along the
transect. Conversely, Dm2 was higher in the weathered shale than in the
parent shale with the lowest value being 2.71. Dm2 increased from 2.71

towards the parent rock to 2.88 at the top of the shale zone (8.00 m).
Dm2 then decreased to 2.81 at depths shallower than 8.00m in the re-
golith zone.

5. Discussion

5.1. Evolution of the pore system associated with mineral dissolution/
formation

In the regolith and saprock columns, most liquid containing dis-
solved CO2 and O2 advected relatively easily into macropores, but some
liquid diffused into micro-transition pores along the entire transect
(Bazilevskaya et al., 2013). Liquid also advected through the bedding
plane (high-angle dips) and cracks in the saprock and fractured shale
zones along weathering profiles (Fig. 1d). These liquids are acidic due
to O2-oxidized pyrite that has diffused to the pore surfaces. Rocks
consume H+ from acidic liquids to different extents depending on their
chemical composition and physical properties (e.g., porosity and SBET)
(Bazilevskaya et al., 2015; Ling et al., 2016).

Pore diameter increased as the degree of weathering (CIA) increased
from profiles A to C (Fig. 5), which accelerated liquid-rock interactions
during weathering. Micro-transition pores play a key role in O2 diffu-
sion during weathering, which results in pyrite oxidation and sub-
sequent carbonate dissolution. This phenomenon was consistent with
changes in Dn, indicating that micro-transition pores at the surface
became smoother during weathering. Meso-macropores play an im-
portant role in water-rock interactions, such as carbonate and plagio-
clase dissolution. Porosity drastically changed in the middle and bottom
of the saprock zone and top of the fractured shale in profiles A, B, and C,
respectively (Table 1). This change in porosity was accompanied by
large variability in bulk density at these depths. Ling et al. (2016)
suggested that carbonate and plagioclase dissolution at these depths
creates new fractures or meso-macropores and, thus, leads to a dramatic
increase in meso-macropores. Carbonate and plagioclase dissolution are
the major reactions involved in porosity changes and increase the pore
volume during conversion of fractured shale to saprock. However,

Fig. 6. Pore morphology of SEM images in representative samples. (a–b) cracks, dissolved pores, and intergranular pore from saprock sample (C-5); (c) dissolved pore in pyrite from
regolith sample (A-3); (d) slit pore among flat clay mineral particles from regolith sample (C-2).
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sulfate (e.g., gypsum), Fe-(oxy)hydroxide, and secondary clay minerals
(e.g., kaolinite, smectite, and vermiculite) generally form and re-
precipitate on meso-macropore surfaces in saprock and regolith zones
(Ling et al., 2016), resulting in roughening of meso-macropores and
thereby blocking some connected pores. The Dm2 increased with de-
creasing depth, which may be correlated with this reprecipitation and
lead to more complex and rougher macropores during weathering. This
reprecipitation also contributed to increases in SBET and decreases in
bulk density (Table 1).

5.2. Behavior of and relationship between pore fractal dimension and
minerals

Pearson correlation coefficients for the relationships between fractal
dimensions and mineral content are presented in Table 5. At weak
weathering stages (profile A), pyrite and carbonate mineral content
were strongly and positively correlated with Dn (A: rDn-py= 0.98, rDn-
carb= 0.90), but negatively correlated with Dm2 (A: rDm2-py=−0.91,
rDm2-carb=−0.94). This phenomenon indicates that pyrite and carbo-
nate dissolution resulted in smoother micro-transition pore surfaces,
but rougher and more complex macropore surfaces during weathering.
Dm1 was moderately related to other parameters (r < 0.43), indicating
that mesopore evolution in profile A was affected by many factors.

At weak-to-moderate weathering stages (profile B), Dn was strongly

and positively correlated with pyrite, carbonate, and plagioclase con-
tent (B: rDn-py=0.85, rDn-carb=0.84, rDn-plag=0.78). These strong re-
lationships indicate that micro-transition pores were dissolved by acidic
liquid through diffusion, thus resulting in smoother pore surfaces. Dm1

had a strong and positive relationship with plagioclase (B: rDm1-

plag=0.88), indicating that plagioclase dissolution predominantly oc-
curred in mesopores. Dm2 had a negative relationship with pyrite and
carbonate content (B: rDm2-py=−0.57, rDm2-carb=−0.41), suggesting
that pyrite and carbonate dissolution led to rougher and more complex
macropore surface structures. Dm2 had a moderate positive correlation
with secondary clay minerals (B: rDm2-clay=0.55), which could result in
more complex macropore structures.

At the moderate-to-intense weathering stage (profile C), Dn had a
positive relationship with pyrite, carbonate, and quartz (C: rDn-
py=0.83, rDn-carb=0.81, rDn-qua=0.80), suggesting that dissolution of
these minerals could lead to smoother micro-transition pore surfaces.
Mesopores (Dm1) were significantly affected by carbonate dissolution
(C: rDm1-carb=0.86) and clay mineral formation (C: rDm1-clay=−0.82),
which resulted in smoother mesopore surfaces. Macropore surfaces
became more complex with carbonate dissolution (C: rDm2-

carb=−0.74) and clay mineral formation (C: rDm2-clay=0.63).
In summary, Dn was strongly and positively correlated with pyrite

and carbonate content at the weak-to-intense weathering stages in
profiles A to C (rDn-py= 0.98, 0.85, 0.83; rDn-carb = 0.90, 0.84, 0.81),

Fig. 7. Low-pressure N2 adsorption and desorption isotherms of black shales in three profiles. Profile A in (a), (d), and (g); Profile B in (b), (e), and (h); Profile C in (c), (f), and (i). (a–c)
parent and fractured shales; (d–f) saprock materials; (g–i) regolith materials.
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suggesting that micro-transition pore surfaces became smoother with
pyrite and carbonate dissolution as weathering proceeded. Dm2 was
negatively correlated with pyrite and carbonate mineral content, sug-
gesting that pyrite and carbonate dissolution resulted in rougher mac-
ropore surfaces. The coefficient between Dm2 and secondary clay mi-
nerals increased from 0.37 to 0.63 as weathering increased, suggesting
that clay mineral formation increased the roughness and complexity of
macropore surfaces.

5.3. Evolution of clay minerals from weathering

Phyllosilicates from the clay fractions of the saprock and regolith
weathering zones were divided into two groups: (1) minerals inherited
from parent rocks (illite and muscovite) and (2) secondary minerals
(smectite, mixed-layer phases, vermiculite, and kaolinite) (Skiba, 2007;
Uzarowicz et al., 2011, 2012). The inheritance of clay fraction con-
stituents from parent rocks was likely from disintegration of large clay
particles and dissolution of silicates (Skiba, 2007). Clemente and
Azevedo (2007) reported that secondary clay minerals derived from
silicates tend to have a 2:1 structure (e.g., illite) when forming near
filled cracks and a 1:1 structure (e.g., kaolinite) when forming near
well-drained pores.

Secondary clay minerals were observed in the regolith and saprock
zones (Figs. 2–5) and were transformed from mica/illite originating in
the parent rock or generated from other silicates. At the weak weath-
ering stage (profile A), small amounts of smectite were present in the
regolith and top portions of the saprock zones. The M-S/I-S mixed-layer
minerals and kaolinite were also present in the regolith zone (Table 2,
Fig. 2). Mica (muscovite) transformation into smectite is a typical oc-
currence in acidic environments (Righi and Meunier, 1991; De Kimpe
and Miles, 1992; Uzarowicz et al., 2011, 2012), as in the saprock and
regolith zones in profile A, which experienced low pH conditions
(lowest pH=2.68 at 0.65m). Uzarowicz et al. (2011) reported that
mica can directly transform into smectite in a strongly acidic weath-
ering environment. Meanwhile, the M-S/I-S mixed-layer generally acts
as a transitional phase during weathering (April et al., 2004; Hazen
et al., 2013). Therefore, mica and illite were likely directly transformed
into smectite or indirectly transformed with M-S/I-S as an intermediate.
Ling et al. (2016) reported that kaolinite is not only derived from pla-
gioclase dissolution, but also phyllosilicate transformation. Based on
previous studies (Jackson, 1962; Wilson, 1999; Uzarowicz et al., 2011,
2012; Hazen et al., 2013; Ling et al., 2016), the clay mineral weathering
pathway in profile A followed the timeline: Mica/Illite→M-S/I-S
mixed-layer→ Smectite→ Kaolinite.

At the weak-to-moderate weathering stage (profile B), smectite and
the M-S/I-S mixed-layer were present in the regolith and saprock zones,
the M-V or I-V mixed-layer appeared in the regolith zone, and kaolinite
occurred in the regolith and upper parts of the saprock zone (Table 2,
Fig. 3). HIV and chlorite was identifiable in the regolith zone. Here, we
used the ‘chlorite’ is assumed to be composed of chlorite, vermiculite
and HIV, as described in the next section. The M-V/I-V mixed-layer also
acted as a transitional phase as weathering proceeded. Therefore, the
clay mineral weathering pathway in profile B may follow the timeline
(Jackson, 1962; Churchman, 1980; Churchman and Lowe, 2012; Righi
and Meunier, 1991; Uzarowicz et al., 2011, 2012): Mica/Illite→M-S/I-
S or M-V/I-S mixed-layer→ ‘chlorite’ (HIV and Ch?)→ Smectite→
Kaolinite.

At the moderate-to-intense weathering stage (profile C), smectite,
kaolinite, and M-V/I-V mixed-layer were present in the regolith and top
of the saprock zones, while the M-S/I-S mixed-layer occurred in the

Table 4
Fractal dimensions of pores in black shales derived from HPMI and LP-N2GA data.

Sample Depth (m) Micro-transition poresa Mesoporesb Macroporesb

Dn ± c Dm1 ± c Dm2 ± c

A-1 0.10 2.63 0.02 2.73 0.01 2.83 0.01
A-2 0.25 2.64 < 0.01 2.62 0.01 2.83 0.01
A-3 0.45 2.62 0.02 2.79 0.01 2.86 0.01
A-4 0.55 2.59 0.01 2.79 0.03 2.81 0.01
A-5 0.65 2.56 0.01 3.21 0.04 2.83 0.01
A-6 0.75 2.58 < 0.01 2.99 0.02 2.81 0.01
A-7 0.85 2.66 < 0.01 3.28 0.05 2.80 0.01
A-8 1.10 2.75 0.01 2.99 0.05 2.71 0.01
A-9 1.50 2.88 < 0.01 2.93 0.02 2.64 0.02
A-10 2.10 2.88 < 0.01 3.51 0.05 2.44 0.03
A-11 3.00 2.90 < 0.01 2.75 0.13 2.34 0.03
B-1 0.50 2.64 < 0.01 2.61 0.01 2.87 0.02
B-2 1.00 2.65 < 0.01 2.61 0.01 2.78 0.03
B-3 1.50 2.63 0.01 2.55 0.02 2.83 0.02
B-4 2.00 2.67 0.01 2.57 0.03 2.80 0.03
B-5 2.50 2.63 0.01 2.54 0.03 2.91 0.01
B-6 3.20 2.65 < 0.01 2.76 0.03 2.80 0.01
B-7 4.00 2.83 < 0.01 2.68 0.04 2.86 0.01
B-8 4.80 2.81 < 0.01 3.07 0.06 2.76 0.01
B-9 5.50 2.82 0.02 3.36 0.05 2.82 0.02
B-10 6.20 2.83 < 0.01 3.20 0.12 2.83 0.01
B-11 7.00 2.86 0.01 2.70 0.03 2.75 0.02
C-1 0.50 2.63 < 0.01 2.64 0.01 2.82 0.10
C-2 1.00 2.61 0.01 2.71 0.02 2.82 0.02
C-3 1.50 2.69 < 0.01 2.55 0.01 2.81 0.01
C-4 2.00 2.64 0.01 2.64 0.03 2.84 0.01
C-5 3.00 2.62 0.02 2.73 0.01 2.83 0.01
C-6 4.00 2.74 0.02 2.57 0.01 2.82 0.01
C-7 5.00 2.75 0.02 2.60 0.01 2.85 0.01
C-8 6.20 2.74 < 0.01 2.86 0.01 2.82 0.01
C-9 8.00 2.86 < 0.01 2.68 0.01 2.88 0.01
C-10 9.00 2.89 < 0.01 3.45 0.10 2.72 0.01
C-11 10.50 2.90 < 0.01 3.50 0.08 2.71 0.02

Sample weathering zone is the same as in Table 3 and the fitting correlation coefficients
(R2) are all> 0.95.

a The fractal dimension (Dn) from LP-N2GA using Eq. (4).
b The fractal dimension (Dm) from HPMI using Eq. (3).
c ± represents the standard errors of Dn, Dm1, and Dm2, respectively, which are from

the standard error of slope in fitting curve.

Table 5
Pearson correlation coefficients between fractal dimensions and mineral contents in three weathering profiles. Values>0.60 are indicated in bold.

Profile A Profile B Profile C

Dn Dm1 Dm2 Dn Dm1 Dm2 Dn Dm1 Dm2

Py 0.98⁎⁎ 0.32 −0.91⁎⁎ 0.85⁎⁎ 0.65⁎ −0.57 0.83⁎⁎ 0.65⁎ −0.41
Carb 0.90⁎⁎ 0.27 −0.94⁎⁎ 0.84⁎⁎ 0.38 −0.41 0.81⁎⁎ 0.86⁎ −0.74⁎⁎

Plag −0.58 0.02 0.28 0.78⁎⁎ 0.88⁎⁎ −0.36 −0.22 0.27 −0.44
Qua −0.66⁎ −0.07 0.43 −0.56 −0.71⁎ 0.04 0.80⁎⁎ 0.58 −0.39
Clay −0.14 −0.44 0.37 −0.41 −0.37 0.55 −0.93⁎⁎ −0.82⁎⁎ 0.63⁎

Py: pyrite, Carb: carbonate (calcite+ dolomite), Plag: plagioclase, Clay: secondary clay minerals, Qua: quartz. The mineral contents are quoted from Ling et al. (2016).
⁎⁎ p < 0.01.
⁎ p < 0.05.
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regolith and saprock zones (Table 2, Fig. 4). Vermiculite, one of pro-
ducts of mica/illite transformation in the weathering zone, appeared in
the regolith and upper parts of the saprock zones. The presence of
vermiculite minerals indicates that transformation proceeded through
an intermediate M-V/I-V mixed-layer (Bain et al., 1990; Wilson, 1999;
Hong et al., 2014). HIV was clearly identifiable in the regolith zone.
These hydroxy-interlayers were likely formed by the deposition of Al-
hydroxy polymers in the vermiculite interlayer space (Wilson, 1999).
Mica and illite have been shown to form HIV and kaolinite under acidic
weathering conditions (Buol and Weed, 1991). Small amounts of the K-
S mixed-layer were observed in surface sample C-1 (Fig. 4) and prob-
ably formed as an intermediate of the smectite to kaolinite transition
(Delvaux and Herbillon, 1995; Dudek et al., 2007; Hong et al., 2012).
The final weathering product gibbsite, i.e., only Al- (hydr-) oxide, was
also observed in the top of the regolith zone. The sequence of changes
to clay species in profile C going from deeper to shallower likely fol-
lowed the timeline (Churchman, 1980; Churchman and Lowe, 2012;
Bain et al., 1990; Wilson, 1999; Skiba, 2007; Uzarowicz et al., 2011,
2012; Hong et al., 2012, 2014):

In addition, the depth of secondary clay mineral formation dee-
pened with increasing CIA in profiles A to C (Table 2). These secondary
clay minerals not only formed from silicate dissolution, but also from
both primary and secondary clay mineral dissolution and transforma-
tion in the acidic environment present during black shale weathering.
Clay mineral dissolution likely occurs simultaneously with the trans-
formation of clay minerals into secondary minerals. In this study, we
used the ‘chlorite’ represented as vermiculite, HIV, and chlorite pedo-
genic process that occurs in black shale weathering systems. The se-
quence of the clay minerals that appear under acidic conditions in black
shale from weathering in this region can be summarized as follows:

(1) Mica (muscovite)→M-S or M-V→ ‘chlorite’ (V, HIV?, and Ch?)→
Smectite → Kaolinite→Gibbsite

(2) Illite→ I-S or I-V→ ‘chlorite’ (V?)→ Smectite→ Kaolinite→
Gibbsite

6. Conclusion

Based on the results of this present study, the following can be
concluded:

(1) Pore diameter increased moving from the parent shale to the sur-
face, as well as with increasing degrees of weathering. This results
in decreases in density and increases in porosity and SBET during
weathering. The micro-transition pores changed from narrow, slit-
like pores in the parent shale to flat, slit-shaped pores in weathered
samples accompanied by the formation of clay mineral. However,
the different mesopore and macropore shapes were preserved
during weathering.

(2) Fractal dimensions Dn, Dm1, and Dm2 can be used to characterize the
structures of micro-transition pores, mesopores, and macropores,
respectively. Pyrite oxidation and carbonate dissolution led to
smoother micro-transition pore surfaces in a manner positively
correlated with Dn. However, Dm2 was negatively correlated with
pyrite and carbonate content and weathering resulted in rougher
and more complex macropore surfaces. The influence of clay mi-
neral formation on fractal dimensions increased with increasing
degrees of weathering. Clay mineral formation increased the
smooth micro-transition and mesopore surfaces as well as the
rougher and more complex macropore surfaces observed during
weathering.

(3) Inheritance of the phyllosilicates mica and illite from parent shales
was notable in the acidic weathering systems present in pyrite-

bearing black shale. Clay minerals formed from silicate (e.g., pla-
gioclase) dissolution, disintegration of larger grains of micas and
illite, and transformation of transitional clay minerals, including
interlayer minerals. The depth of secondary clay mineral formation
deepened with increased weathering. This silicate dissolution and
clay mineral transformation likely occurred simultaneously with
weathering.

(4) The potential sequence of clay mineral in black shale weathering
systems is as follows: M/I→M-S/I-S or M-V/I-V mixed-layer→
‘chlorite’ (V, HIV?, and Ch?)→ S→ K→G. Weathering product
formation, including transitional phases, correlated with weath-
ering intensity, weathering zones, and geomorphological position.
In addition, mica/illite can directly transform into smectite without
proceeding through other intermediate phases.
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