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Abstract—In the soils of western Jilin Province in northeastern China, some significant gaps have been observed between the fraction of the soil
existing as clay-size particles (<0.002 mm) and the amount attributable to crystalline clay minerals, and that the relative proportions of crystalline
clay minerals to the total clay-size fraction (CP) apparently varies with latitude. The purpose of the present study was to identify the reason for this
discrepancy and to explain the dependence on latitude. The grain sizes and mineral compositions of the whole soils from western Jilin Province,
China, were analyzed by laser particle-size analysis (LPSA) and X-ray diffraction (XRD), and the <0.002 mm particle-size fraction was analyzed
by XRD and X-ray fluorescence (XRF). The results confirmed that the percentage gaps between the clay fraction and clayminerals increased with
increasing latitude. The theoretical illite percentage calculated from K2O content was compared with the illite percentage measured by XRD, and
the results suggested that the measured illite accounted for only a small proportion of the theoretical illite. Structures of some special minerals
below the identification threshold of XRD was suggested to be the reason for the percent gaps. The grain size and mineral crystallization both
changedwith latitude: the soil particle size and theCP decreased. In addition, clayminerals were more sensitive to climate than particle sizes were,
and theCP of clayminerals in the soils within 0~180 cm depth all decreasedwith increasing latitude; however, the grain size showed patterns with
latitude only in relatively shallow soil layers. The present study provides a reference and error analysis for the testing of clay minerals in alpine
regions, and more suitable methods may be considered for development of clay-mineral testing in future studies.
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INTRODUCTION

Clay minerals are phyllosilicates with extremely fine
crystals (generally <0.002 mm in size). Because of their
sensitivity to the environment, clay minerals are of great
geological significance and are used to study climates and
environments during and after soil formation (Thompson
et al. 2006). Much effort has been devoted to investigating
the factors which indicate the functions of clay minerals in
terms of the environment (Środoń 1984; Hunziker et al.
1986). Temperature and precipitation are considered to be
vital climatic factors (Thiry 2000). Moreover, some fac-
tors, such as the flow rate (Righi & Meunier 1995),
vegetation coverage, and organic matter content (Egli
et al. 2008), have also proven to be factors that affect clay
minerals. Chemical weathering has been suggested to be
the link between clay minerals and environmental issues
(Egli et al. 2001). Every factor that can affect chemical
weathering has an indirect effect on clay minerals; e.g.
higher temperature can theoretically increase the rate of
chemical weathering (Muhs et al. 2001; Rech et al. 2001),
high rainfall also promotes greater chemical weathering
(Muhs et al. 2001), and increased freeze-thaw cycles and
wetting-drying cycles can contribute to the rate of
weathering (Cooper 1960). Characterization of minerals
is the first and crucial step for studies on clay minerals.
X-ray diffraction (XRD) is the most commonly utilized
tool for the analysis of clay minerals, including type,

content, and crystallinity. The spatial lattices of mineral
crystals are used as XRD gratings, and the direction of X-
ray diffraction is related only to the shape and size of unit
cells in the crystal structure (Moore & Reynolds Jr 1989).
Therefore, each mineral has its own crystal structure and
forms a unique diffraction pattern. The crystal-plane spac-
ing calculated from a diffraction peak can be used to
distinguish mineral types and infer the percentage of clay
minerals semi-quantitatively (Zhang 1990). However,
some interference factors, such as types of defects, vari-
able chemical composition, preferred orientation, and
structural disorder and diversity, make the quantitative
identification and measurement of clay minerals difficult
(Zwell & Danko 1975; Środoń et al. 2001; Środoń 2002;
Bergaya & Lagaly 2006). A well known example is Huang
diffuse scattering (HDS), which is caused by lattice de-
fects or exogenous impurities in the mineral crystal lattice
when an X-ray passes through. Therefore, the identifica-
tion of mineralogy by XRD is usually qualitative
(identification) or semi-quantitative. An approach com-
bined with chemical elemental analysis is much more
useful to quantify mineralogy, and the most common
technique for such determination in rocks and soils is X-
ray fluorescence (XRF) (Hupp & Donovan 2018). The
electron transition in the atom under radiation is the basis
of XRF, so the identification accuracy for elements is
high, and XRF precision can reach ±0.01% or even lower.
The concentrations of elements are reported in the form of
major and minor oxides. The oxides can be used to
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estimate the types of minerals in the rocks or soils based
on the chemical formulae of the minerals, which is the
way XRF helps to support the identification of XRD
results. Among the oxides, K2O is an important index
and indicates the presence of illite. The percent of K2O
in illite is ~6–9%, and other minerals containing K2O are
K-feldspar (16.9%) and mica (11.8%). To remove interfer-
ence from other minerals, XRF is often conducted on the
clay fraction (particle size <0.002 mm) because soil parti-
cles smaller than 0.002 mm are almost entirely composed
of clay minerals. The classification criterion of
<0.005 mm for the clay fraction is used frequently in
practical engineering, whereas the <0.002 mm criterion
is used more commonly in scientific research; the latter
was adopted in the present study.

However, the percentages of the clay fraction (<0.002 mm)
and the clay minerals did not match each other from
long-term observations on the soils of Jilin Province,
China; large clay-fraction percentages corresponded to
small clay-mineral percentages in the soils from the study
area. Based on these facts, some of the clay particles
were assumed in this study to be composed of special
clay minerals and that the crystallization of these special
clay minerals was too poor to be detected by XRD. The
purpose of this study was to test this hypothesis and to
identify the origin of the percentage gaps between the
clay fraction and the clay minerals content by analyzing
grain sizes and mineral compositions of whole samples
from the natural soils, using laser particle size analysis
(LPSA) and X-ray diffraction (XRD), and then to char-
acterize by XRD, X-ray fluorescence (XRF), and scan-
ning electron microscopy (SEM) the <0.002 mm fraction
extracted from the whole soil and to see if comparison of
the theoretical and measured illite percentages could ex-
plain the gaps.

MATERIALS AND METHODS

Study Area and Soil Properties

The study area, western Jilin in northeast China, is an area
distributed with patches of saline soil which, typically, is also
frozen seasonally. The area lies in the lowland of the Songnen
Plain, near the south-central Songliao Basin (Fig. 1). The
Songliao Basin is surrounded by the Greater Khingan with
elevations of 1200–1600 m in the west, the Lesser Khingan
with elevations of 500–800 m in the northeast, and the
Zhangguangcai Mountains (a branch of the Changbai moun-
tains) with an elevation of 1000 m in the east. During the
Variscan orogeny, large-scale tectonic faulting formed the ini-
tial Songliao depression, and magmatic activity led to exten-
sive intrusion of granitic magma in the Greater Khingan.
Mountains of the Greater Khingan and the Changbai continued
to rise during the Yanshanian movement, contributing to the
further subsidence of the Songliao Basin (Bian et al. 2008).
Much weathered debris coming from the surrounding moun-
tains, therefore, accumulated within the basin and provided the
initial source of salt in the Songliao Basin. The tectonic activity
described above had a significant influence on sedimentation
in this region. During the crustal depression, fluvial sediments
were first deposited at the bottom of the basin in the early
Pleistocene, and lacustrine sediments were then deposited after
the basin lake formed in the middle Pleistocene; subsequently,
the crust was uplifted, and the basin lake contracted in the late
Pleistocene; groups of lakes formed, along with many closed
and semi-closed rivers. In summary, because of the poor drain-
age of this low-lying location and the salt supply, soil salini-
zation is increasing yearly (Wang et al. 2004) and has always
been a serious problem for agriculture in the study area. In
addition, soils in part of the region exhibited obvious disper-
sion behaviors (Han et al. 2018), raising a series of engineering
problems.

Fig. 1 Geographical locations of the Songliao Basin and study area.
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Years of monitoring were conducted at several sampling
sites in western Jilin, and the experimental soils for this study
were collected from typical saline soil counties at the following
geographical coordinates: Nong’an (N44°20′46″; E124°58′
07″, elevation 170 m), Qian’an (N45°02′45.49″; E123°47′
1.15″, elevation 133 m), and Zhenlai (N45°49′45.50″;
E123°16′59.31″, elevation 136 m) (Fig. 1). In addition, data
for the loess-like soil in Changchun city (N43°48′59″;
E125°19′26″, elevation 222 m) were compared with the test
results from the saline soils in order to judge whether the
percentage gaps changed with the soil type, which may illus-
trate the problem better. Loess-like soil in Changchun was
formed by alluvial and diluvial processes in the middle and
late Pleistocene; it had the typical characteristics of loess but no
collapsibility (Wang et al. 1991). Worth mentioning is that the
terrain at the sampling sites was relatively flat, so soil erosion was
negligible in this study area. Cold and drought characterized the
climates in northeast China for years. The average annual evapo-
ration (1698 mm) in western Jilin was roughly three times the
precipitation (520 mm) (Han et al. 2018), and the lowest temper-
ature in winter could reach –33°C, influenced by the continental
Siberian air mass. At the four sampling sites, monthly
minimum temperatures changed over a larger range (ap-
proximately –38 to ~11°C) than the range for the
monthly maximum temperature (3 to ~40°C) (Fig. 2a).
Obvious regularity can be seen (Fig. 2b): the monthly
temperature differences at higher latitudes seemed to be
larger than those at lower latitudes. Moreover, the aver-
age precipitation at lower latitudes was more regular
regardless of the month (Fig. 2c). In summary, soils at
higher latitudes experienced larger temperature variation,
deeper freeze-thaw cycles, and less precipitation. Cli-
mates at higher latitudes were much more likely to
experience cold and drought than those at the lower
latitudes in the study area.

Saline soils used in this study were collected at a depth of
40 cm. The soluble salt content at a depth of 40 cm was the
highest in the vertical profile of the superficial soil (Zhang et al.

2017); in addition, salinity varied slightly at a depth of 40 cm
among various locations during the same period in the study
area. The grain-size distributions of the soils were measured
using LPSA (Table 1), and the particles were divided into five
ranges: gravel (>2 mm), sand (2–0.075 mm), silt (0.075–0.005
mm), coarse clay (0.005–0.002 mm), and clay (<0.002 mm).
Other basic physical-chemical properties of the soils were also
found (Table 2). Referring to the USCS (ASTM 2011), the
loess-like soil in Changchun and the saline soils in western
Jilin can be all classified as lean clay (CL).

Soil Preparation

Soils were divided into two parts for different pretreat-
ments. One part was the natural soil sample used for LPSA
(Bettersize2000, Dandong Baite Instrument Co., Ltd., Dan-
dong, China), XRD (Rigaku D/max-2500, Tokyo, Japan),
and SEM (JEOL JSM-6700F, Tokyo, Japan). The other part
was the clay fraction (<0.002 mm) extracted from the
natural soil samples, which was then split into two subsam-
ples for XRD and XRF (ZSX Primus II, Rigaku Corpora-
tion, Tokyo, Japan) tests. Clay fractions were extracted
according to Stokes’ law, and hydrochloric acid (HCl, 0.1
N) and hydrogen peroxide (H2O2, 30%) were used to
remove the carbonates and organic matter, respectively,
from the soils before extraction.

XRD Experiments

X-ray diffraction analysis was conducted on both the
natural soils and the clay fraction. Dried samples were
crushed and passed through a sieve of 0.075 mm (≈200
mesh) before the XRD and XRF determinations began.
Oriented specimens on the glass lens were analyzed by
XRD using a CuKα source at 2θ angles from ~3–45° with
steps of 0.02°2θ and 2°2θ per min. The patterns were
analyzed by comparison with the standard XRD data to
determine the mineral types, and the diffraction peaks
were used to calculate the mineral content quantitatively.
The types and amounts of clay minerals were determined

Fig. 2 Monthly average climate information during 1981–2010: (a) Maximum and minimum temperatures; (b) temperature difference; (c)
precipitation. (Data collected from the National Meteorological Information Center of China).
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quantitatively, principally by the changes in diffraction
patterns after some processing. The XRD and LPSA re-
sults for natural soil samples were compared with each
other to judge the existence of percent age gaps.

X-ray Fluorescence Experiments
X-ray fluorescence was performed on the clay fraction

to quantify both major and minor elements. The results of
XRF were used to calculate the theoretical minimum illite
percent that should be contained in the clay fraction, using
illite = 0.09 K2O.

SEM
Mineral morphologies of the natural soils were exam-

ined microscopically by SEM to explain the percentage
gaps discovered in this study. Before testing, samples were
placed in liquid nitrogen for 30 min for rapid freezing;
samples were then vacuum freeze dried using an FD-1A-
50 instrument (Beijing Boyikang Experimental Instrument
Co., Ltd., Beijing, China) for 8 h to sublimate the ice and,
thus, to achieve drying without destruction of the soil
structure.

RESULTS

Grain-size Composition of the Natural Soils

Because the origin of loess-like soil in Changchun was
different from that of saline soils in western Jilin, the loess-
like soil in Changchun was not involved in the grain-size
discussion; it is listed to compare with the mineral composition
later. The grain-size distributions of the saline soils at 40 cm
(Fig. 3a) depth revealed that the silt group accounted for the
largest proportion in soils from different latitudes and this
proportion decreased with increasing latitude; meanwhile, the
percentage of smaller particles (<0.005 mm) increased with
increasing latitude. The test results for particle-size distribution
from previous studies are also summarized and plotted togeth-
er (Fig. 3b-c). Saline soils within ~0–40 cm exhibited the same
pattern as that of the soil at 40 cm (Fig. 3b). However, saline
soils within 0–180 cm did not have the same patterns as
summarized above (the clay group at Qian’an is less prevalent
than that at Nong’an in Fig. 3c). Freeze-thaw cycles were
considered an important issue influencing the grain-size distri-
bution and degrading the physical and mechanical properties
of the rocks and soils (Roman & Ze 2010); the destructive
effect of freeze-thaw cycles was greater than those of hot-cold
and wet-dry cycles (Khanlari & Abdilor 2015). Soil particles
were fragmented stepwise to smaller sizes under these disrup-
tive forces (Wei et al. 2016). From the results, silt particles in
the soils at higher latitudes were more likely to be broken into
finer particles by stronger physical weathering caused by
deeper freeze-thaw cycles than those at lower latitudes. Obvi-
ously, the action of 'breaking' was limited by depth. Soils at
shallow depths were more influenced by climate than those at
greater depths, so the results indicated that climate was likely
to be the main factor affecting the size-distribution under the
same or a similar geological background. However, the exact
depth of influence in the study area cannot be determined to be
40 cm from this study; from the results, one can only say that
40 cm was within the range of influence depths.

Mineral Compositions of the Natural Soils

Quartz and plagioclase were the main nonclay minerals
identified in the soils by XRD (Table 3 and Fig. 4); K-
feldspar was present over a range of percentages, but no mica
was found in the natural soils. Clay minerals were generally
scarce in the soils; mixed-layer I-S was most abundant among
the clay minerals, followed by illite. The proportions of mixed-
layer I-S at lower latitudes were greater because abundant
precipitation at low latitudes was good for leaching K+, thus
contributing to the illite-to-smectite transformation (Ren 1988;
Hong et al. 2007; Hong 2010). Compared with the particle-size
distributions of the soils (Fig. 3a), varying degrees of percent-
age gaps between the clay fraction and clay minerals could be
observed at different latitudes in both the loess-like soil from
Changchun and the saline soils from western Jilin.

Table 1 Grain-size distribution of loess-like soil and saline soils.

Particle size range
(mm)

Wt.%

Changchun Nong’an Qian’an Zhenlai

>2 0 0 0 0

2–0.075 2.87 3.69 8.74 8.01

0.075–0.005 69.63 53.04 47.46 44.30

0.005–0.002 5.36 8.56 11.06 5.24

<0.002 22.14 34.71 32.74 42.45

Table 2 Basic physical-chemical properties of the soils.

Property Changchun Nong’an Qian’an Zhenlai

Plastic limit (%) 23.2 21.3 19.0 20.7

Liquid limit (%) 39.0 41.0 45.8 37.5

Plasticity index 15.8 19.7 26.8 16.8

Total salt content (%) 0.041 1.398 0.710 0.420

Organic matter
content (%)

0.62 1.12 0.40 0.23

Classification (USCS) CL CL CL CL
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Mineral Compositions of the Clay Fraction

Due to unavoidable errors in the extraction process
conducted according to Stokes’ law, small amounts of
non-clay minerals were found in the extracted clay frac-
tion, but clay minerals were absolutely the majority in
the clay fraction (Fig. 5a1, b1, c1). Among the clay
minerals detected, mixed-layer I-S was still the most
common, followed by illite and chlorite (Fig. 5a2, b2,
c2). Most of the illite was present in the form of mixed-
layer I-S, and the ratio of the mixed layers decreased
with latitude, consistent with the results for the natural
soils (Fig. 4a-c). In addition, percentages of illite and
chlorite, the typical clay minerals in dry and cold envi-
ronments (Sun et al. 2011), increased with latitude (Fig.
5a2, b2, c2).

Chemical Elemental Oxides of the Clay Fraction
Major and minor elements in the clay fraction were quan-

tified using XRF (Table 4). Due to the presence of K-feldspar
in the clay-fraction samples, correction had to be performed by
excluding the K2O from K-feldspar before calculating the
theoretical illite percent (Fig. 6a-b). The conversion rate used
was the theoretical percentage of 16.9%. The corrected K2O
percent was used to calculate the theoretical illite percent with
a conversion rate of 9%; i.e. the theoretical minimum percent-
age of illite should have existed in the clay fraction (Fig. 6c).
The total illite percentage included two types: one type was the

illite measured directly by XRD, and the other type was
contained in mixed-layer I-S measured by XRD (Fig. 6d).
The latter could be calculated by the percentage and ratio of
I-S. From the final results (Figs 6c and 6e), the theoretical
percentage of illite exceeded the total illite percentage mea-
sured by XRD (illite in the form of I-S was also contained in
the measurable range (Fig. 6d) in this analysis). This is a semi-
quantitative comparison process, and some errors may occur
because the K-feldspar and I-S involved in the calculation were
obtained from XRD. Other errors may lie in the extraction
process for particle sizes of <0.002 mm. However, errors were
considered negligible given the large percentage gaps between
theoretical and measured illite contents.

Scanning Electron Microscopy Analysis

Illite was the main independent clay mineral in the study
area, so illite crystallization, as representative of clay minerals,
was examined by SEM (Fig. 7). The crystallinity, microcosmic
shape, and thickness of illite are related to their formation
mechanisms, such as sedimentary processes and metamor-
phism. Sedimentary illite has poorer crystallinity than meta-
morphic illite. In addition, the formation environment can
affect the growth of illite structures. OH– can inhibit growth
on the (010) face, leading to relatively faster growth along the
[100] direction; this unbalanced growth rate produces more
easily illite structures with laths and fibers (Güven 2001).
Usually, well crystallized illite exists in the forms of laminated,

Fig. 3 Grain-size compositions of the soils at or within depths: (a) 40 cm, (b) 0 to ~40 cm; and (c) 0 to ~180 cm.

Table 3 Mineral composition of loess-like soil in Changchun.

Relative contents of minerals ω(B)/10–2

Quartz K-feldspar Plagioclase Mixed-layer I-S Illite Kaolinite Chlorite

48 17 18 8 5 3 1
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hair-like, and filamentous crystals; when the crystallization is
not good enough, illite appears as foliated, tuberculate, or as
short fibres. Three stages of illite during the morphological
evolution process were proposed by Xing & Xin (1983):
microscopically, every stage corresponds to different illite
shapes, including foliated lamellar illite (stage I); tuberculate
and short fibrous illite (stage II); and laminated, hair-like, and
filamentous illite (stage III). Loess-like soil from Changchun

showed a flocculated-agglomerate structure (Fig. 7a-b); small
laminate illite grains were attached to the particle surfaces, and
the edges of illite rolled upward suggesting relatively well
crystallized illite (stages II to III) in Changchun. In Nong’an,
smaller foliated illite grains were attached to the particle sur-
faces in a scaly manner. Some or most of the illite edges rolled
a little (Fig. 7c). A small number of tuberculate crystals (Fig.
7d) were the prototype of laminate illite; with the improvement

Fig. 4 XRD results of saline soils from various sampling sites: (a) Nong’an, (b) Qian’an, and (c) Zhenlai.
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of crystallization, the tuberculate grains could grow into short
fibrous or short laminated grains and finally develop into
longer laminated crystals. The SEM results for Nong’an indi-
cated stage I (Fig. 7c) or stage II (Fig. 7d), i.e. not crystallized

well enough to reach stage III. The soil structure in Qian’an
consisted of alveolate (Fig. 7e-f), ragged, foliated illite attached
to honeycomb edges; the crystallization may have represented
stage II. In Zhenlai, the soil showed a cotton-like structure (Fig.

Fig. 5 XRD results of clay fraction from various sampling sites: (a1, b1, c1) clay fraction; ( a2, b2, c2) clay minerals in clay fraction.

Table 4 The types and contents of oxides (wt.%) in soil samples by XRF

Samples LOI Sum

SiO2 Al2O3 Fe2O3 FeO CaO MgO K2O Na2O TiO2 P2O5 MnO

Nong’an 51.7 15.25 5.33 0.45 2.66 2.77 2.06 2.59 0.56 2.39 0.05 14.02 99.83

Qian’an 45.04 17.31 7.42 0.63 3.22 3.03 2.69 2.18 0.62 3.73 0.08 13.8 99.75

Zhenlai 43.79 15.7 6.87 0.45 3.38 3.77 2.75 2.28 0.54 3.9 0.08 16.22 99.73
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7g-h); foliated illite grains were small and fragmentary, and
their edges (stages I to II) were also roughly curled. In sum-
mary, although illite crystallization varied within the study
area, not all grains showed good crystallinity.

DISCUSSION

Experimental principles were used to analyze the percent-
age gaps between the clay fraction and clayminerals, as well as
the percentage gaps between theoretical and measured illite.
Grain-size testing was obviously based on the size of soil
particles; XRF identified the elements by the wavelength or
energy of the fluorescence caused by the electron transition
under X-ray irradiation; thus, the accuracy and precision were
both high. However, XRD distinguished minerals by using
spatial lattices of mineral crystals as the gratings; more pre-
cisely, XRD measured the mineral structure.

The spacial lattice of the ideal mineral structure has obvious
regular and periodic aspects however, due to various types of
defects (such as vacancy, dislocation, voids, etc), structural dis-
order (where part of the structure is not in conformity with the
symmetry or periodicity of crystal structure) and diversity (poly-
morphism caused by the various arrangements of particles), the
regular and periodic lattice of mineral structure is destroyed ,
making it difficult to measure the mineral type accurately. From
the test results, some 'special' minerals were suggested by the
present authors to exist in the soil; minerals which were
<0.002 mm in size and have the characteristics of clay minerals.
The 'special' minerals can be detected by LPSA and XRF,
therefore. However, these kinds ofminerals could not be detected
by XRD, possibly because they were amorphous or even absent.
The existence of these special minerals with a structure which is
below the identification threshold of XRD was suggested to be
the reason for the percentage gaps. Minerals with undetectable

structures are referred to as the 'poor crystallization problem' in
the present study.

The percentage gaps between the clay fraction and clay
minerals represented the proportion of poorly crystallized clay
minerals in the clay fraction. The crystallization proportion,
CP, of the clay fraction was calculated using Eq. 1:

CP ¼ Mm=Mc ð1Þ
where Mm is the clay mineral percentage measured by XRD
and Mc is the clay fraction determined by grain-size experi-
ments. The CP of the soil at 40 cm depth showed a decreasing
trend with increasing latitude for both the loess-like soil and
the saline soils (Fig. 8a); the same regularity also appeared in
the saline soils at 0 to ~180 cm (Fig. 8b), although the average
particle size did not vary regularly with latitude at 0 to ~180 cm
(Fig. 3c). The clay minerals at higher latitudes were more
poorly crystallized than those at lower latitudes; the climates
at higher latitudes may have inhibited the crystallization of clay
minerals. In addition, the influence of climate on crystallization
had reached a certain soil depth, as deep as 180 cm (Fig. 8b);
however, the influence on particle size was not as deep as
180 cm (Fig. 3c). Clearly, the clay minerals were much more
sensitive to climate than the particle sizes were, or chemical
weathering proceeded at greater soil depths than was the case
for physical weathering.

CONCLUSIONS

The purpose of the present study was to determine the
reason why a gap is observed between the clay minerals
content and the amount of soil represented by the clay-size
fraction in the west Jilin region of northeastern China. Varia-
tions with latitude have also been observed. Results from
measurements made using LPSA, XRD, XRF, and SEM
methods led to the following conclusions:

Fig. 6 Comprehensive analysis of the data for the clay fraction from XRD and XRF: (a) Process, (b) correction, (c) theoretical illite, (d) illite
measured by XRD, and (e) total measured illite.
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Fig. 7 SEM images of: (a, b) loess-like soil in Changchun; (c, d) saline soil in Nong’an; (e, f) saline soil in Qian’an; and (g, h) saline soil in Zhenlai.
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(1) Within a small geological scale, the regularity of soil
particle sizes seemed to be most affected by climate.
The silt fraction of saline soils in western Jilin was more
likely to be broken into finer particles under the stronger
physical weathering caused by the climate at higher
latitudes. However, the effect of climate on soil particles
was limited by depth, and 40 cm was in the influence
range of the climate.

(2) The soils in the study area contained large percentages of
clay fractions and small clay mineral percentages. The
percentage gap decreased with increasing latitude.

(3) Mixed-layer I-S accounted for the largest proportion of
clay minerals in the study area, and the ratio of mixed-
layer I-S showed a trend of decreasing with increasing
latitude. Most illite existed in the form of I-S, and illite
crystallization was mainly poor according to SEM
observations.

(4) Significant percentage gaps were also observed be-
tween the theoretical illite calculated from K2O mea-
sured by XRF and the illite measured by XRD. The
results revealed that the crystallization proportion
decreased with latitude. Soils had a larger proportion
of non-crystallized clay minerals in their clay fraction
at higher latitudes, indicating that the climate at high
latitudes may have inhibited mineral crystallization
on the whole. Meanwhile, these patterns of crystalli-
zation proportion (CP) were also reflected in the soils
within depths of ~0–180 cm, which suggested that
the clay minerals were much more sensitive to cli-
mate than the particle sizes were or that chemical
weathering had effect in deeper soil layers than was
the case for physical weathering.
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