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Abstract: Clay minerals are common in geological samples and are useful paleoclimate and sediment
provenance proxies. Acid pretreatment is the most common method for the separation and purifica-
tion of clay minerals. Given that hydrochloric acid (HCl) can dissolve chlorite and distinguish it from
kaolinite, the HCl digestion method is used to simplify the routine method of clay mineral analysis.
However, there have been few studies of the effects of acid digestion on different clay minerals in the
context of extracting paleoclimate indicators. In this study, we used illite, chlorite, kaolinite, and two
types of smectite to assess the effects of pretreatment with different HCl concentrations at variable
temperatures. Our results show that chlorite is the most soluble clay mineral in HCl and can be
effectively dissolved in HCl with concentrations of >1 N. The variable crystal structure of smectite
affects its solubility in HCl. Ca-rich smectite, which has more cation substitution of octahedral
Al, can be dissolved with HCl. However, Na-rich smectite, which has less cation substitution for
octahedral Al, is hardly dissolved in HCl of any concentration or at any temperature. Illite can be
partly dissolved in HCl, and the threshold beyond which dissolution occurs is 5 N HCl at 70 ◦C.
Kaolinite is relatively difficult to dissolve in HCl. Given that the HCl digestion method uses the
peak intensity of the bulk sample X-ray diffraction (XRD) analysis, whereas the routine method
uses the peak area of clay particles, we compared the results of clay mineral quantification and the
paleoclimate proxy obtained using the two methods for synthetically prepared mixed and natural clay
samples. The results obtained with the HCl digestion method are less accurate than those obtained
with the routine method because of the dissolution of illite and smectite in HCl. Therefore, the HCl
pretreatment method is not suitable for clay mineral analysis in paleoclimate studies. The present
results provide reference data for future studies that employ the acid dissolution pretreatment of clay
mineral samples to acquire and quantify paleoclimate proxies.

Keywords: hydrochloric acid pretreatment; clay mineralogy; X-ray diffraction

1. Introduction

Clay minerals can be used in studies of sediment provenance, paleoclimate, tectonism,
and glacio-eustasy. They are widely investigated in geological studies and even in the
context of extraterrestrial asteroids and planets [1–5].

Paleoclimate reconstructions based on clay mineralogy require accurate identification
and quantification during clay mineral analysis [2,6]. X-ray diffraction (XRD) is the most
widely used method in this regard, although other techniques such as Fourier transform
infrared spectroscopy (FTIR), chemical analysis, and electron microscopy are also used [7].
The routine method of clay mineral analysis by XRD involves first enriching the clay
particles by removing the cement components (Fe oxides, organic matter, and carbonate
minerals). The second step is dispersing the clays into a liquid suspension, which is
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followed by water flotation [8]. The extracted clay fraction (usually <2 µm) is then smeared
on glass slides with different cations and organic molecule saturations, subjected to different
heating conditions, and analysed [2,8]. Given that thousands of samples need to be analysed
in a paleoclimate research study, the routine method is time-consuming. Some studies of
clay minerals in sedimentary sequences have simplified the routine method by using the
bulk sample instead of the clay fraction for the XRD analysis [9]. Hydrochloric acid (HCl)
pretreatment can be used to distinguish chlorite from kaolinite [9]. However, the conditions
under which chlorite can be efficiently removed with minimum damage to the other clay
minerals remain to be identified. Differences in the results between the HCl pretreatment
and routine methods also need to be evaluated.

In paleoclimatic and paleoenvironmental reconstructions, numerous geochemical,
physical, biological, and mineralogical proxies can be used, including clay mineral assem-
blage [10–12]. Acid pretreatment is commonly used for separation and purification prior to
the acquisition of paleoclimate proxy data. This includes grain size analysis where acid is
used to remove carbonate cement, the determination of the chemical index of weathering
where acid is used to dissolve secondary minerals, the quantification of Fe speciation where
acid is used for the sequential extraction of different Fe phases, and the O isotope analysis of
single minerals where acid is used to purify the target mineral [13–18]. Acid dissolution of
the common clay minerals is relevant to the use of clay minerals in a variety of paleoclimate
studies. Previous studies have described the surface properties and behaviours of clay
minerals after acid pretreatment [19–22]. However, there have been few studies of the
effects of acid pretreatment on the different clay minerals used to extract paleoclimate
indicators.

In this study, we analysed kaolinite, chlorite, illite, and smectite in the samples as
common clay minerals in geological materials. We determined the stability of the crystal
structures of clay minerals in different HCl concentrations and at variable temperatures
using XRD, transmission electron microscopy (TEM), and elemental analysis. We also
evaluated the differences in quantitative clay mineral analysis results between the HCl
pretreatment and routine methods, based on analysis of synthetically prepared mixed-clay
standards and natural samples. Our data provide insights into the analysis of clay minerals
and their use in paleoclimate studies where HCl pretreatment is utilized.

2. Materials and Methods
2.1. Samples Description

We selected five clay minerals (kaolinite, chlorite, illite, Na-rich smectite, and Ca-rich
smectite) to assess the effects of HCl under different experimental conditions. The clay
samples were purchased from Zhejiang Sanding Technology. The sample of kaolinite is
relatively pure. The samples of two types smectite were Ca-rich smectite with more cation
substitution of octahedral Al (hereinafter referred to as Ca-smectite) and Na-rich smectite
with less cation substitution for octahedral Al (hereinafter referred as Na-smectite), and
the only accessory mineral in the Na- and Ca-rich smectites is quartz (<5%). The sample
of chlorite contains 40% chlorite and 60% talc. The sample of illite contains 75% illite,
25% quartz, and traces of anatase (<1%) (Figure 1). Chemical analysis of the five samples
was undertaken by X-ray fluorescence (XRF) spectrometry with a Philips PW2404 XRF
spectrometer in the Analytical Laboratory of the Beijing Research Institute of Uranium Ge-
ology, Beijing, China (Table S1 [23]). The structural formulae of these five clay minerals are
estimated to be as follows: kaolinite = Al4Si4O10(OH)8, Na-smectite = (Na0.58, Ca0.02)(Al1.40,
Mg0.32, Fe3+

0.09, Fe2+
0.01)Si4O10(OH)2, Ca-smectite = (Ca0.2)(Al1.17, Mg0.62, Fe3+

0.12, Fe2+
0.02,

Ti0.01)(Si3.97, Al0.03)O10(OH)2, chlorite = (Fe0.33, Mg3.12, Al0.55)(Si3.35, Al0.65)O10(OH)8, and
illite = (K0.30, Na0.06, Ca0.01)(Al1.87, Mg0.05, Fe3+

0.03, Fe2+
0.01, Ti0.05)Si4O10(OH)2.
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Figure 1. X-ray diffraction (XRD) patterns of the individual clay mineral samples after different pre-
treatments with HCl. Black curves are the original standard samples; dark blue curves indicate 21 
°C and red curves indicate 70 °C. (A) Ca-smectite (Ca-sme), (B) Na-smectite (Na-sme), (C) chlorite 
(Chl), (D) illite (Ill), and (E) kaolinite (Kao). 

Figure 1. X-ray diffraction (XRD) patterns of the individual clay mineral samples after different
pretreatments with HCl. Black curves are the original standard samples; dark blue curves indicate
21 ◦C and red curves indicate 70 ◦C. (A) Ca-smectite (Ca-sme), (B) Na-smectite (Na-sme), (C) chlorite
(Chl), (D) illite (Ill), and (E) kaolinite (Kao).
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Each sample was mixed with different concentrations of HCl (1, 3, 5, 7, 9, and 12 N)
and reacted at 21 and 70 ◦C. The reaction times were 24 h at 21 ◦C and 2 h at 70 ◦C. The
samples were then washed with deionized water. The pretreated samples were smeared
on glass slides for subsequent analysis. The detailed reaction conditions are presented in
Table 1.

Table 1. Reaction conditions.

Details

Clay Minerals Ca-Smectite, Na-Smectite, Chlorite, Illite, and Kaolinite

Weight 0.05 g
Temperature 21 and 70 ◦C

Concentration of HCl 1, 3, 5, 7, 9, and 12 N
Time 24 h (21 ◦C) and 2 h (70 ◦C)

We also mixed the clay minerals in different proportions and obtained seven mixed-
clay samples to assess the effects of HCl on the quantitative analyses. The clay mineral
abundances of each mixed sample are listed in Table 2 (the smectite is the mixture of
Na-smectite and Ca-smectite as a 1:1 ratio). These seven mixed samples were pretreated
with 1, 5, and 12 N HCl at 21 ◦C and 70 ◦C, and 1 N acetic acid (HAC) at 21 ◦C. The samples
were then washed with deionized water. The pretreated samples were saturated with a
1 N MgCl2 solution and ethylene glycol, following the routine method [2]. The detailed
reaction conditions are listed in Table 2.

Table 2. Clay mineral contents of seven mixed samples (Ill, Chl, Sme, and Kao indicate illite, chlorite,
smectite, and kaolinite, respectively).

Details

Sample
Number Std. 1 Std. 2 Std. 3 Std. 4 Std. 5 Std. 6 Std. 7

Contents
(wt.%) Ill 70, Chl 30 Chl 20, Sme 80 Sme 30, Kao 70 Ill 70, Chl 10,

Sme 20
Ill 40, Chl 20,

Sme 40
Ill 30, Chl 10,

Sme 40, Kao 20
Ill 10, Chl 20,

Sme 35, Kao 35

Concentration
of HCl 1, 5, and 12 N

Temperature
and reaction

time with HCl
21 ◦C (24 h) and 70 ◦C (2 h)

Concentration
of HAC 1 N

Temperature
and reaction

time with HAC
21 ◦C (24 h)

Major and minor elements in each mineral (Ca-smectite, Na-smectite, chlorite, illite,
and kaolinite) were analysed before and after pretreatment with 12 N HCl at 70 ◦C. Due to
the limited remaining clay material after HCl pretreatment, analysis by X-ray fluorescence
spectrometry (XRF) was not possible. As such, an inductively coupled plasma optical
emission spectrometer (ICP–OES) (Thermo Fisher) was used to test the element composition
of these samples at the Rock–Mineral Preparation and Analysis Laboratory, Institute of
Geology and Geophysics, Chinese Academy of Sciences. Prior to ICP–OES analysis, the
samples (6 mg) were dissolved in a mixture of HNO3, HF, and HClO4 in a Teflon capsule at
140 ◦C on a hotplate for 5 h. The digested samples were diluted with 1% HCl for ICP–OES
analysis. The precision of the elemental analyses was better than ±5%.

We also examined the clay mineral structure after pretreatment with 12 N HCl at 70 ◦C
by transmission electron microscopy (TEM) and energy dispersive spectroscopy (EDS),



Minerals 2022, 12, 1167 5 of 18

using a JEOL JEM-2100 instrument at the Electron Microscopy Laboratory, Institute of
Geology and Geophysics, Chinese Academy of Sciences.

2.2. Comparison between the HCl Pretreatment and Routine Methods

We mixed the five clay mineral samples in different proportions and obtained 24 mixed
samples for analysis by the HCl pretreatment and routine methods (the smectite is the
mixture of Na-smectite and Ca-smectite as 1:1 ratio). The mineral abundances of each
sample are listed in Table S3. These 24 mixed samples were pretreated with 1 N HCl at
70 ◦C and then washed with deionized water. The pretreated samples were saturated with
a 1 N MgCl2 solution and ethylene glycol, following the routine method for quantitative
analysis of clay minerals.

We also selected 19 Pliocene red clay samples from the southern Chinese Loess Plateau
to assess the differences in the paleoclimatic conditions obtained from the clay mineral
index by the HCl pretreatment and routine methods [24].

The HCl pretreatment method employed the bulk sample XRD measurements and
intensity of the main XRD reflection peak to determine the relative contents of each min-
eral [9]. The bulk samples were ground to <45 µm in an agate mortar and compacted into
a random orientation on glass slides. The XRD patterns were obtained with Ni-filtered
Cu-Ka radiation at a voltage of 40 kV and beam intensity of 40 mA. The scan range was
2θ = 2–70◦. After the XRD measurements, the samples were heated at 70 ◦C in 1 N HCl
for 3 h to remove chlorite and then repeatedly washed with deionized water. The same
XRD measurements were then repeated. Mineral identification was based on the intensity
of the following peaks: smectite = 14.33 Å, illite = 10.00 Å, chlorite and kaolinite = 7.10 Å,
quartz = 3.33 Å, albite = 3.18 Å, and calcite = 3.02 Å. The peak at ~12.5◦ in the XRD patterns
of the HCl-treated samples was regarded to reflect kaolinite, and the decrease of this peak
height reflected the chlorite content. The peak height for each mineral was determined
using Highscore software.

The routine method first involved the extraction of the clay fraction (<2 µm) and
saturation with 1 N MgCl2. The MgCl2 replaces the cations within the interlayers of
the clay minerals and reduces the d-spacing variability [8]. To identify the expanding
clay minerals, ethylene glycol was added to the Mg2+-saturated samples. The samples
were then centrifuged to concentrate the clay minerals into a paste that was spread onto
calibrated recesses on glass slides to obtain oriented samples. XRD analysis was conducted
with a step size of 0.020◦ and scan rate of 0.050◦ s−1 at 2θ = 3–30◦. To determine the
relative contents of chlorite and kaolinite, slow scanning was undertaken at 2θ = 24–26◦.
Quantitative analysis was carried out following the routine method on the areas of the
main basal reflections, which are the (001) peak of smectite (17 Å), (001) peak of illite
(10 Å), (002) peak of chlorite, and (001) peak of kaolinite (7.1 Å). The contents of each clay
mineral (illite, chlorite, kaolinite, smectite) were determined follow the 100% normalized
mineral intensity factor method [25–27]. The weighting factors were: 4 for illite, 2 for
chlorite, and 1 for smectite [26,28]. Although, some other weighting factors were also
introduced [29,30], the one we chose were widely used in the clay mineral paleoclimate
reconstruction [2,6,15,31,32]. The ratio of chlorite to kaolinite was determined by the
area ratio of the (004) peak of chlorite (3.54 Å) with respect to the (002) peak of kaolinite
(3.58 Å) [26]. The quantification analysis was calculated by MacDiff software (MacDiff
4.2.5, Rainer Petschick, Frankfurt, Germany) [33]. The analytical precision obtained from
replicates ranged from ±1.44% to ±3.09% (2σ) for each clay mineral and had an accuracy
of ~5% [31]. All the clay mineral data were generated under exactly the same analytical
method using the same X-ray diffractometer (PANalytical) with Ni-filtered Cu-Kα radiation
(40 kV and 40 mA) at the Laboratory of Soil Geology and Environment, Institute of Geology
and Geophysics, Chinese Academy of Sciences.
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3. Results
3.1. Individual Clay Mineral Samples with Different HCl Pretreatments

The crystal structures of the individual clay mineral samples differed with the pre-
treatment. The XRD patterns for each mineral with different pretreatment conditions are
shown in Figure 1.

We used the intensity and full width at half maximum (FWHM) of the main XRD
reflection peaks for each clay mineral to evaluate the crystal structures after different HCl
pretreatments. In detail, we used the ratios of these parameters for each pretreatment
condition to those without HCl pretreatment (Figure 2).
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For Na-smectite, all HCl concentrations barely dissolved the mineral at either reac-
tion temperature (Figure 1B). However, the HCl pretreatment changed the shape of the 
(001) peak from relatively broad to sharp with an asymmetric ridge. The HCl pretreatment 
also changed the position of the (001) peak to a lower 2θ angle, with a range even greater 
than that of Ca-smectite. The FWHM ratio of the Na-smectite shows that the peak became 
narrower after HCl pretreatment (Figure 2A). After pretreatment with 12 N HCl at 70 °C, 

Figure 2. Ratios of the XRD pattern parameters (i.e., intensity and full width at half maximum
(FWHM)) after different pretreatments for Ca-smectite, Na-smectite, chlorite, illite, and kaolinite
for each reflection. The y-axis (Y/Y0) is the ratio of the reflection after pretreatment to that with no
pretreatment, which is intensity/intensity0 and FWHM/FWHM0. The x-axis is the concentration of
HCl. (A) Ca-smectite and Na-smectite, (B) chlorite, (C) illite, and (D) kaolinite.
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To assess the leaching from the different clay minerals caused by the HCl, we deter-
mined the major and minor element concentrations before and after pretreatment with
12 N HCl at 70 ◦C (Table 3). Before HCl pretreatment, the ICP–OES and XRF methods
yielded identical elemental concentrations for the five clay mineral samples (Table S2).
Given that the SiO4 groups in the tetrahedral sheet of the clay minerals were intact after
HCl pretreatment, the lack of Si data obtained from the ICP–OES analysis did not affect our
observations.

Table 3. Major and minor element concentrations (µg/g) in samples pretreated with 12 N HCl at
70 ◦C as compared with the original samples.

Elements Al Ca Fe K Mg Na Ti Zn Ba Sr

HCl–Ca-Sme 17.26 2.07 3.09 1.15 3.80 2.52 0.20 0.17 0.06 0.06
Ca-Sme 49.2 11.8 8.43 2.40 17.2 2.86 0.50 0.20 0.30 0.14

HCl–Na-Sme 47.3 2.14 5.44 2.67 9.66 3.93 0.40 0.18 0.06 0.08
Na-Sme 60.4 9.66 7.23 3.26 13.4 20.9 0.46 0.21 0.17 0.23

HCl–Chl 1.96 2.02 2.85 0.40 81.4 2.70 1.24 0.15 0.04 0.07
Chl 24.6 4.43 7.16 0.41 109 2.50 0.67 0.16 0.05 0.10

HCl–Ill 59.4 2.62 2.95 15.7 2.00 3.82 3.47 0.18 0.32 0.15
Ill 75.7 2.48 3.76 18.7 2.44 3.84 3.70 0.16 0.36 0.20

HCl–Kao 135 2.24 2.82 2.22 0.42 2.61 1.52 0.18 0.07 0.09
Kao 122 3.01 4.84 1.98 0.43 3.68 1.32 0.25 0.08 0.11

The two types of smectite exhibited different behaviours during the HCl pretreatment.
HCl concentrations of >3 N at 70 ◦C or >7 N at 21 ◦C can dissolve most Ca-smectite
(Figures 1A and 2A). The much higher FWHM ratio of the Ca-smectite pretreated with HCl
indicates there was considerable damage to the Ca-smectite structure (Figure 2A). All the
major elements, except Na, are mostly leached out by the 12 N HCl at 70 ◦C (Table 3). The
TEM images show that the specific surface area increased after HCl pretreatment, which
indicated that the original platy crystal shape was fractured and the dissolved crystal rims
were warped (Figure 3A,B).

For Na-smectite, all HCl concentrations barely dissolved the mineral at either reaction
temperature (Figure 1B). However, the HCl pretreatment changed the shape of the (001)
peak from relatively broad to sharp with an asymmetric ridge. The HCl pretreatment
also changed the position of the (001) peak to a lower 2θ angle, with a range even greater
than that of Ca-smectite. The FWHM ratio of the Na-smectite shows that the peak became
narrower after HCl pretreatment (Figure 2A). After pretreatment with 12 N HCl at 70 ◦C,
the concentrations of all major elements decreased. The variations in most major elements
(i.e., except Na) were smaller than those of Ca-smectite. The TEM images indicated that HCl
pretreatment had little effect on the main crystal structure of Na-smectite (Figure 3C,D).

Chlorite exhibited the largest changes as a result of HCl pretreatment. As the HCl
concentration and reaction temperature increase, the intensity ratios of the (001), (002),
(003), and (004) peaks of chlorite decrease (Figure 2B). Pretreatment of 9 N HCl at 70 ◦C had
the strongest dissolution effect and dissolves most of the chlorite (Figure 1C). The (001) and
(002) peaks of residual chlorite after HCl pretreatment were not broadened (Figure 2B). The
main cations in chlorite are Si, Al, Fe, and Mg (Table S1) [23]. After pretreatment with 12 N
HCl at 70 ◦C, the chlorite concentrations of Al and Fe had decreased by >60%, and those
of Ca and Mg decreased significantly but not by more than 50% (Table 3). The TEM–EDS
data for chlorite showed that after pretreatment with 12 N HCl at 70 ◦C, the Si and Al
concentrations in chlorite decreased significantly, which indicated the crystal structure was
destroyed (Figure 3E,F).
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Figure 3. TEM images of the clay minerals (A, C, E, G, I, and K) without pretreatment and (B, D, F, 
H, J, and L) after pretreatment with 12 N HCl at 70 °C. Ca-smectite (Ca-Sm) (A) before and (B) after 
HCl pretreatment; Na-smectite (Na-Sm) (C) before and (D) after HCl pretreatment; chlorite (Chl) 
(E) before and (F) after HCl pretreatment; talc (G) before and (H) after HCl pretreatment; illite (I) 
before and (J) after HCl pretreatment; kaolinite (Kao) (K) before and (L) after HCl pretreatment. The 
red stars mark the sites where EDS data were obtained. 

Figure 3. TEM images of the clay minerals (A,C,E,G,I,K) without pretreatment and (B,D,F,H,J,L) after
pretreatment with 12 N HCl at 70 ◦C. Ca-smectite (Ca-Sm) (A) before and (B) after HCl pretreatment;
Na-smectite (Na-Sm) (C) before and (D) after HCl pretreatment; chlorite (Chl) (E) before and (F) after
HCl pretreatment; talc (G) before and (H) after HCl pretreatment; illite (I) before and (J) after HCl
pretreatment; kaolinite (Kao) (K) before and (L) after HCl pretreatment. The red stars mark the sites
where EDS data were obtained.
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The dissolution of illite increased at higher temperatures (70 ◦C). Pretreatment of
5 N HCl at 70 ◦C was the threshold for illite dissolution (Figure 1D). Above this HCl
concentration at 70 ◦C, the intensities of the (001), (002), and (003) peaks declined abruptly.
The FWHM indicates that illite was little affected at lower temperatures, and that 7 N HCl at
70 ◦C can significantly damage illite (Figure 2C). After pretreatment with HCl (especially at
21 ◦C), a broad peak appeared at ~7.5 Å (Figure 1D). After heating to 350 ◦C, the broad peak
at ~7.5 Å became narrower and shifted to 7.1 Å (Figure S1). This indicated the presence of
halloysite in the illite sample, and that its content increased slightly during pretreatment
at low HCl concentrations. The decreasing Al, Fe, and K concentrations also indicate that
crystal damage occurred to illite at high HCl concentrations at 70 ◦C (Table 3). The TEM
images suggested that the larger plates of illite with straight and sharp edges became
fractured and developed rounded edges. Rod-like kaolinite-group minerals appeared after
HCl pretreatment (Figure 3I,J). Cations such as Na+, Mg2+, and K+ were leached out during
HCl pretreatment.

For kaolinite, the intensity ratios indicated that at the lower temperature (21 ◦C), lower
HCl concentrations (1 and 3 N) probably had a stronger dissolution effect. At the higher
temperature (70 ◦C), dissolution increased with increasing HCl concentrations. However,
compared with the other clay minerals, kaolinite dissolution in HCl was limited. The
FWHM ratios of the peaks exhibited little variation (Figure 2D). The major and minor
element concentrations were largely invariant, even at the highest HCl concentration
(Table 3). The TEM images of kaolinite suggested that the HCl had little effect on its crystal
surface, shape, or structure (Figure 3K,L).

3.2. Mixed Samples Subjected to Different HCl Pretreatments

The effects of different pretreatment conditions on the quantification of clay minerals
were shown in Figure 4. The variation in the data obtained for the mixed samples that
contained two minerals (Std. 1, 2, and 3) was smaller than that for samples that contained
three or four minerals. For the mixed samples with two minerals, the contents of each
mineral after different pretreatments did not vary by >20%. However, for the mixed
samples with three minerals (Std. 4 and 5), the low-solubility minerals (illite and smectite)
exhibited highly variable contents (28%–72% and 15%–67%, respectively). In general, as the
HCl concentration increased, the variations in mineral content increased. Interestingly, for
Std. 4 and 5, as the HCl concentration increased, the relative content of chlorite increased.
This might be explained by the formation of a kaolinite-like mineral at 7 Å. For the mixed
samples with four minerals, where both chlorite and kaolinite were present, a high HCl
concentration at 70 ◦C removed chlorite but not kaolinite. The analyses of the mixed
samples with four minerals were also variable after different pretreatments. For Std. 6 and
7, the relative contents of smectite varied from 21% to 67% and those of kaolinite from 20%
to 61%. The increasing kaolinite content at high HCl concentrations can be attributed to the
increase in the 7 Å peak due to leaching of illite and Ca-smectite.

The pretreatment at 1 N HCl had the least effects (Figure 4), and 1 N HCl can more
easily dissolve chlorite at 70 ◦C than 21 ◦C. Based on the different effects of the HCl
pretreatment conditions on the individual and mixed clay samples, we used 1 N HCl at
70 ◦C to dissolve chlorite and avoid the dissolution of other clay minerals when undertaking
a comparison of the HCl pretreatment and routine methods.
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3.3. Comparison of the HCl Pretreatment and Routine Methods in Analysing Mixed and
Natural Samples

To compare the HCl pretreatment and routine methods, we mixed the five clay min-
erals in different proportions to make 24 mixed samples (Table S3). The results of clay
mineral analysis obtained with the HCl pretreatment and routine methods are shown in
Figure 5. We examined the correlation between the height of the main XRD reflection after
HCl pretreatment and the actual mass content of each clay mineral. We also examined
the correlation between the mineral abundances obtained from the routine method and
the actual mass content of each clay mineral (Figure 5). The R2 values of these linear
correlations reflect the accuracy of the clay mineral determinations by the two methods.
The R2 value from the data obtained after HCl pretreatment is lower than that of the routine
method, particularly for chlorite and smectite. This suggests that the accuracy of the HCl
pretreatment method is lower than that of the routine method.
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Figure 5. Results of clay mineral analysis obtained with the two methods and the actual clay contents
of the 24 mixed standard samples. The orange dashed lines are the linear correlations between the
height of the main XRD reflection after HCl pretreatment and the actual clay contents. The blue
dashed lines are the linear correlations between the results obtained from the routine method and the
actual clay contents. (A) Illite, (B) chlorite and kaolinite, (C) kaolinite, and (D) smectite.

Figure 6 shows the results of the clay mineral analyses of 19 natural samples with the
HCl pretreatment and routine methods. The XRD patterns from the two methods show
that the clay minerals present are illite, chlorite, kaolinite, and smectite (Figure 6A). The
bulk samples also contain detrital quartz and albite.

Figure 6B–F show the variations in the contents of each clay mineral and paleoclimate
proxy with depth for the 19 red clay samples. We also compared a paleoclimate proxy,
the smectite/(illite + chlorite + kaolinite) ratio that distinguishes between dry and wet
climate (Figure 6F). The kaolinite contents obtained from the two methods exhibit greater
differences than those obtained for the other minerals (Figure 6B–E). The two methods
yielded similar variability in the smectite/(illite + chlorite + kaolinite) ratios, although the
ratios obtained by the HCl pretreatment method were higher than those obtained from the
routine method.
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Figure 6. Comparison of the XRD patterns and data obtained for the natural red clay samples versus
depth using the HCl pretreatment and routine methods. The orange curves are the ratios of the main
XRD reflection height with pretreatment of 1 N HCl at 70 ◦C (smectite at 14.33 Å, illite at 10.00 Å,
chlorite and kaolinite at 7.10 Å before HCl pretreatment; kaolinite at 7.10 Å after HCl pretreatment) to
the height of the quartz peak at 3.33 Å. The blue curves are the relative contents of each clay mineral
obtained with the routine method. (A) XRD pattern of a representative natural red clay sample. Sme
= smectite, Chl = chlorite, Ill = illite, Kao = kaolinite, Qua = quartz, and Alb = albite. (B) Depth
changes of the main XRD peak height ratio of Ill (001)/Qua (011) and relative content of Ill. (C) Depth
change of the main XRD peak height ratio of Chl (002) + Kao (001)/Qua (011) and relative content
of Chl. (D) Depth change of the main XRD peak height ratio of Kao (001)/Qua (011) and relative
content of Kao. (E) Depth change of the main XRD peak height ratio of Sme (001)/Qua (011) and
relative content of Sme. (F) Depth change of the paleoclimate proxy Sme (001)/(Ill (001) + Chl (002) +
Kao (001) and Sme/(Ill + Chl + Kao) ratio.

4. Discussion
4.1. Effects of HCl Pretreatment on the Structure of Individual Clay Minerals

The effects of HCl pretreatment depend on the mineral structure of the various clays.
All the clays comprise two structural units: tetrahedral and octahedral sheets [8]. The octa-
hedral sheets can be classified as dioctahedral or trioctahedral based on the cation/anion
ratio. Clay minerals in HCl lose exchangeable cations and Al, Mg, and Fe from the octahe-
dral and tetrahedral sheets, but the SiO4 groups in the tetrahedral sheets remain largely
intact [34]. As such, the main effect of HCl on the clay mineral structure is corrosion of the
octahedral sheets, although previous experimental studies have shown that the dissolution
rate of Al3+ is the same in the tetrahedral and octahedral sheets [35]. The dissolution rates
of the two kinds of octahedral sheet are different: the dissolution rate of trioctahedral layers
is much higher than that of dioctahedral layers [36,37]. The greater substitution of Mg2+

and/or Fe3+ for Al3+ in dioctahedral smectites increases their dissolution rate in HCl [38].
Chlorite is a 2:1 layer clay (i.e., two tetrahedral sheets and one octahedral sheet)

with an interlayer sheet of octahedrally coordinated cations by hydroxyls. Most chlorite
in sedimentary rocks is trioctahedral and varies from Mg- to Fe-rich chlorite [8]. Given
that the trioctahedral species are more soluble in HCl, all HCl concentrations used in
our experiments could dissolve chlorite, and an increase in temperature also enhanced
dissolution. The studied chlorite was Mg-rich and was less affected by HCl than Fe-rich
chlorite [8]. 1 N HCl was sufficient to dissolve most of the chlorite in the natural samples.

Kaolinite is a 1:1 layer clay. The structural unit of kaolinite is formed by the super-
position of a tetrahedral sheet on a dioctahedral sheet. HCl cannot effectively dissolve
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kaolinite without calcination, and the dissolution effect is much less than that of H2SO4
and alkali [22]. In the present study, lower HCl concentrations and high temperatures did
not affect the kaolinite mineral structure.

Illite is a 2:1 dioctahedral phyllosilicate. K+ is the interlayer cation in a unit comprising
two tetrahedral sheets and one dioctahedral sheet. The crystal structure of illite is similar
to that of smectite, but it is non-swelling and has a lower cation exchange capacity [39].
In the present study, illite was more resistant to HCl dissolution, similar to kaolinite and
consistent with a previous study [40]. This may be because kaolinite and illite have more
dioctahedral sheets in their crystal structures, which are more resistant to HCl dissolution.
However, the increase of the broad 7.5 Å peak indicates the dissolution of illite. The tubular
morphology in the TEM images, and movement of the XRD reflection peak to 7.1 Å at
350 ◦C, indicate the presence of dehydrated halloysite. Even so, as the halloysite content is
low, the mechanism of illite dissolution in HCl is likely to be the same as that described in
previous studies. The dissolution probably initiated along the OH groups at the edges of
the octahedral sheets, and the release of K+ was slower than the leaching of the octahedral
cations [38]. This is consistent with the larger decrease in Al as compared with K after HCl
pretreatment (Table 3).

Smectite is a hydrated 2:1 layered dioctahedral aluminosilicate that is characterized by
swelling and a high cation exchange capacity. Smectite comprises two tetrahedral sheets
that are bonded to either side of an octahedral sheet, similar to illite. The isomorphous
substitution of Mg2+ for octahedral Al and Al3+ for tetrahedral Si results in a charge deficit.
This layer charge is balanced by hydrated exchangeable cations that occupy the surfaces
between the clay layers, termed the interlayer [20]. The two types of studied smectites
exhibited different HCl dissolution behaviours that can be attributed to the different
substitutions of the octahedral cations. Aluminium contents are higher in Na-smectite
than Ca-smectite, whereas Mg–Fe contents exhibit the opposite trend (Table S1). This
indicates that there is more Mg2+ and Fe3+ substitution for octahedral Al in the Ca-smectite.
The two types of smectite exhibited large decreases in interlayer cation contents after
HCl pretreatment; i.e., for Ca in Ca-smectite and Na in Na-smectite (Table 3). The large
decreases in Al and Mg contents suggest that damage of the dioctahedral sheet is more
severe in Ca-smectite than in Na-smectite. Therefore, smectite dissolution in HCl involves
the leaching of interlayer cations by protons, followed by the removal of the central atoms
in the octahedral sheets. The octahedral sheets in smectite with more Mg2+ are more readily
dissolved by HCl because the electrostatic bond between Al–O ions is stronger than for
Mg–O ions [41]. This dissolution mechanism is consistent with that proposed in a previous
study [34].

4.2. Effects of HCl Pretreatment on the Identification and Quantification of Clay Minerals in
Mixed Samples

Based on the effects of HCl pretreatment on the individual clay minerals, chlorite can
be distinguished from kaolinite, and the different structures of smectite can be identified in
the mixed samples by using HCl pretreatment. Specifically, 1 N HCl at 70 ◦C can dissolve
most chlorite, but little kaolinite and other clay minerals, whereas 3 N HCl at 70 ◦C can
distinguish between the smectites with different structures.

The analyses of the mixed samples are affected by the dissolution of minerals and the
formation of new phases in the HCl. At >3 N HCl, the dissolved minerals are chlorite and
Ca-smectite, and illite is partly dissolved, leading to an XRD peak at 11–12◦ (7.0–7.5 Å)
that overlaps with the kaolinite peak. Therefore, HCl pretreatment of clay minerals should
employ an acid strength of ≤1 N.

The analysis of the mixed samples after pretreatment with 1 N HCl at 70 ◦C shows
that apart from kaolinite, the accuracy of the HCl pretreatment method is lower than that of
the routine method (Figure 5). This is because in the bulk sample XRD analysis used in the
HCl pretreatment method, the non-clay minerals tend to disrupt the preferred orientation
of the clay minerals [8,42]. Nevertheless, the analyses with the routine method also exhibit
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deviations from the actual mass contents of each clay mineral in the mixed samples. This is
because the contents obtained with the routine method are the volume percentage of each
clay mineral.

4.3. Estimation of the Clay Mineral Index in Natural Samples with the HCl Pretreatment Method

Paleoclimate reconstructions using the clay mineral index require thousands of analy-
ses, and the routine method is time-consuming. Some studies of sediment samples with
high contents of clay minerals and known mineral species have simplified this procedure
by using bulk samples and the HCl pretreatment method [9]. We compared results obtained
after pretreatment with 1 N HCl at 70 ◦C and those obtained with the routine method.

The two methods yield different contents of clay minerals (Figure 6B–E). The largest
differences are for kaolinite and chlorite (Figure 6C,D). This can be attributed to the lower
accuracy of the HCl pretreatment method. However, the variations of the clay mineral
index obtained with the two methods are similar (Figure 6F).

Previous studies have suggested that smectite forms mostly after moderate chemical
weathering, which is indicative of a warm and humid climate, whereas illite and chlorite
are the products of physical weathering and are indicative of a cool and dry climate [43–45].
The paleoclimate of temperate regions (including the Chinese Loess Plateau) does not
favour the production of authigenic kaolinite, and the small amount of kaolinite in our
samples is probably detrital [15]. The ratio of smectite to the sum of detrital minerals is
an index of the weathering intensity. Because the kaolinite contents are low (<10%) in the
present results, the two methods yield similar variations in the clay mineral index. However,
with respect to the weathering intensity, the ratio obtained using the HCl pretreatment
method is obviously higher than that obtained using the routine method (Figure 6F).
This suggests that the HCl pretreatment method yields results that erroneously indicate
humid conditions.

In summary, compared with the routine method, bulk XRD analysis after HCl pre-
treatment is less accurate, and the latter method is not suitable for determination of the clay
mineral index.

4.4. Effect of HCl Pretreatment in Other Experiments

HCl pretreatment is used to remove carbonate cement prior to the grain size analysis
of sedimentary rocks and clay mineral separation. The common pretreatment procedure
involves dissolution in 10% HCl (~3.33 N) under boiling conditions [16]. However, given
the dissolution of illite, chlorite, and smectite documented in our study, this pretreatment is
probably dissolving the fine-grained fraction. We suggest that such pretreatment for grain
size analysis should use <1 N HCl.

Moreover, our results can guide other chemical pretreatment procedures used in
mineral separation, such as the O isotope analysis of specific minerals [17,18,46]. In such
studies, 10% HCl is used to remove chlorite or 1 N HCl, 5 N NaOH, and 6 N HCl are used
sequentially to obtain relatively pure hematite. However, based on our data, 10% HCl can
dissolve not only chlorite but also Ca-smectite, and boiling 6 N HCl can remove hematite
and residual illite from the previous 1 N HCl and 5 N NaOH pretreatment.

5. Conclusions

We examined the crystal structures of illite, chlorite, kaolinite, and two types of
smectite after pretreatment with different concentrations of HCl at various temperatures.
We compared the results with those obtained by the routine method for mixed standard
and natural clay samples. Our results can guide the use of acid pretreatment of clays prior
to determination of paleoclimate proxy data and quantification of clay mineral abundances.
Our main conclusions are as follows.

1. Chlorite is the most soluble clay mineral in HCl and can be effectively dissolved in
HCl with a concentration of >1 N. The different crystal structures of smectite exhibit
differences in HCl dissolution. Ca-smectite with more substituted octahedral Al can
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be dissolved with HCl. Na-smectite is barely dissolved at any HCl concentration or
temperature. Illite is partly dissolved in HCl, at ≥5 N HCl at 70 ◦C. Kaolinite is not
effectively dissolved in HCl.

2. The XRD peak of residual illite at 11–12◦ (7.0–7.5 Å) after HCl pretreatment is the main
source of error in the identification and quantification of clay minerals by this method.
1 N HCl at 70 ◦C can dissolve most chlorite with limited effects on the other clay
minerals. 3 N HCl at 70 ◦C can distinguish between the different types of smectite.

3. The quantification of clay mineral contents from the peak heights of bulk sample XRD
data after HCl pretreatment is less accurate than the routine method. Therefore, it is
not suitable for the analysis of clay minerals for paleoclimate studies.

4. The effects of HCl pretreatment on clay minerals in other types of research (e.g., grain
size analysis and chemical pretreatment of mineral separates) needs to be considered.
Ideally, the HCl concentration should be <1 N to avoid digestion of clay minerals.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/min12091167/s1, Table S1: Major and minor element concentrations
of kaolinite, Na-smectite, Ca-smectite, chlorite, and illite samples used in this study, as measured by
XRF; Table S2: Comparison of the relative element contents obtained by ICP–OES and XRF; Table S3:
Clay mineral contents of 24 mixed standard samples (Ill, Chl, Sme, and Kao indicate illite, chlorite,
smectite, and kaolinite); Figure S1: XRD reflection of illite after 3N HCl pretreatment at 21 ◦C. The
black line is for the analysis at room temperature, and the red line is for the analysis at 350 ◦C. The
blue data are for the slow speed scan at 2θ = 10–21◦.
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