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Abstract: Clay minerals are common in geological samples and are useful paleoclimate and sedi-
ment provenance proxies. Acid pretreatment is the most common method for the separation and
purification of clay minerals. Given that hydrochloric acid (HCI) can dissolve chlorite and distin-
guish 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, chlo-
rite, 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 min-
eral in HCl and can be effectively dissolved in HCI with concentrations of >1 N. The variable crystal
structure of smectite affects its solubility in HCI. Ca-rich smectite, which has more cation substitu-
tion of octahedral Al, can be dissolved with HCl. However, Na-rich smectite, which has less cation
substitution for octahedral Al, is hardly dissolved in HCI of any concentration or at any tempera-
ture. Illite can be partly dissolved in HCI, and the threshold beyond which dissolution occurs is 5
N HCI at 70 °C. Kaolinite is relatively difficult to dissolve in HCI. Given that the HCIl 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 quan-
tification 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 accu-
rate than those obtained with the routine method because of the dissolution of illite and smectite in
HCI. Therefore, the HCI pretreatment method is not suitable for clay mineral analysis in paleocli-
mate 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, tec-
tonism, 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 identifica-
tion 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 trans-
form 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
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clay particles by removing the cement components (Fe oxides, organic matter, and car-
bonate minerals). The second step is dispersing the clays into a liquid suspension, which
is followed by water flotation [8]. The extracted clay fraction (usually <2 pum) 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 (HCI) pretreatment can be used to distinguish chlorite from kaolinite
[9]. However, the conditions under which chlorite can be efficiently removed with mini-
mum 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 weather-
ing 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 be-
haviours 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 spec-
trometer in the Analytical Laboratory of the Beijing Research Institute of Uranium Geol-
ogy, Beijing, China (Table S1 [23]). The structural formulae of these five clay minerals are
estimated to be as follows: kaolinite = AlsSi4O10(OH)s, Na-smectite = (Naoss, Cao.o2)(Ali.4o,
Mgos2, Fe3t009, Fe?001)SisO10(OH)2, Ca-smectite = (Cao2)(Alui7, Mgoe2, Feo012, Fe?oo,
Tio.01)(Sise7, Alo.03)O10(OH)z, chlorite = (Feoss, Mgz.2, Aloss)(Sisss, Aloss)O10(OH)s, and illite =
(Ko.30, Nao.os, Cao.or)(Alvs7, Mgo.os, Fe3*0.03, Fe?*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 HCI. 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 (IlI), and (E) kaolinite (Kao).
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Each sample was mixed with different concentrations of HCI (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 005¢g
Temperature 21 and 70 °C
Concentration of HC1 1,3,5,7,9,and 12N
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 HCI 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 MgCl: solution and ethylene glycol, following the routine method [2]. The detailed re-
action 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.%)

111 30, Chl 10, 111 10, Chl 20,
Sme 40, Kao Sme 35, Kao
20 35

111 70, Chl Chl 20, Sme Sme 30, Kao 111 70, Chl 111 40, Chl
30 80 70 10, Sme 20 20, Sme 40

Concentration of HCl

1,5 and 12N

Temperature and reaction

21°C (24 h) and 70 °C (2 h)

time with HCI
Concentration of HAC 1N
Temperature and reaction o
time with HAC 21°C(24h)

Major and minor elements in each mineral (Ca-smectite, Na-smectite, chlorite, illite,
and kaolinite) were analysed before and after pretreatment with 12 N HClI at 70 °C. Due to
the limited remaining clay material after HCI pretreatment, analysis by X-ray fluorescence
spectrometry (XRF) was not possible. As such, an inductively coupled plasma optical emis-
sion 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 Geol-
ogy and Geophysics, Chinese Academy of Sciences. Prior to ICP-OES analysis, the samples
(6 mg) were dissolved in a mixture of HNOs, HF, and HCIOs 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),
using a JEOL JEM-2100 instrument at the Electron Microscopy Laboratory, Institute of Ge-
ology and Geophysics, Chinese Academy of Sciences.
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2.2. Comparison between the HCI 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 Plat-
eau to assess the differences in the paleoclimatic conditions obtained from the clay mineral
index by the HCI 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 um 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
20 =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 A, illite = 10.00 A, chlorite and kaolinite = 7.10 A,
quartz=3.33 A, albite=3.18 A, and calcite =3.02 A. 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 um) and sat-
uration with 1 N MgClz. The MgClz replaces the cations within the interlayers of the clay
minerals and reduces the d-spacing variability [8]. To identify the expanding clay miner-
als, ethylene glycol was added to the Mg?*-saturated samples. The samples were then cen-
trifuged to concentrate the clay minerals into a paste that was spread onto calibrated re-
cesses 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 at 20 = 3-30°. To determine the relative contents
of chlorite and kaolinite, slow scanning was undertaken at 20 = 24-26°. Quantitative anal-
ysis was carried out following the routine method on the areas of the main basal reflec-
tions, which are the (001) peak of smectite (17 A), (001) peak of illite (10 A), (002) peak of
chlorite, and (001) peak of kaolinite (7.1 A). The contents of each clay mineral (illite, chlo-
rite, 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 A) with respect to the (002) peak of kaolinite (3.58 A) [26]. The quan-
tification 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% (20) 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-Ka 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 HCI 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 HC1
pretreatments. In detail, we used the ratios of these parameters for each pretreatment con-
dition to those without HCl pretreatment (Figure 2).

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 52). Given that
the SiOs groups in the tetrahedral sheet of the clay minerals were intact after HCI pretreat-
ment, the lack of Si data obtained from the ICP-OES analysis did not affect our observa-
tions.

Table 3. Major and minor element concentrations (ug/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 17.26 207 3.09 115 380 252 020 017 0.06 0.06
Ca-Sme 492 118 843 240 172 286 050 020 030 0.14
HCl-Na-Sme 473 214 544 267 966 393 040 018 0.06 0.08
Na-Sme 604 966 723 326 134 209 046 021 017 023
HCI-Chl 196 202 285 040 814 270 124 015 0.04 0.07
Chl 246 443 716 041 109 250 067 016 005 0.10
HCI-1 594 262 295 157 200 382 347 018 032 0.15

11 757 248 376 187 244 384 370 016 036 0.20
HCl-Kao 135 224 282 222 042 261 152 018 0.07 0.09
Kao 122 301 484 198 043 368 132 025 0.08 0.11

The two types of smectite exhibited different behaviours during the HCI pretreat-
ment. HCI 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 HCI 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 crys-
tal rims were warped (Figure 3A,B).
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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/Yo) is the ratio of the reflection after pretreatment to that with no pre-
treatment, which is intensity/intensityo and FWHM/FWHMo. The x-axis is the concentration of HCI.
(A) Ca-smectite and Na-smectite, (B) chlorite, (C) illite, and (D) kaolinite.

For Na-smectite, all HCI 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 20 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 HCI pretreatment (Figure 2A). After pretreatment with 12 N HCl at 70 °C,
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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 HCI 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 HCI pretreatment were not broadened (Fig-
ure 2B). The main cations in chlorite are Si, Al, Fe, and Mg (Table S1) [23]. After pretreat-
ment 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).

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 HCI concen-
tration 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 HCI (especially
at 21 °C), a broad peak appeared at ~7.5 A (Figure 1D). After heating to 350 °C, the broad
peak at ~7.5 A became narrower and shifted to 7.1 A (Figure S1). This indicated the pres-
ence of halloysite in the illite sample, and that its content increased slightly during pre-
treatment at low HCI concentrations. The decreasing Al, Fe, and K concentrations also
indicate that crystal damage occurred to illite at high HCI 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 ap-
peared after HCI pretreatment (Figure 31-J). Cations such as Na*, Mg?, 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 lim-
ited. 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 concentra-
tion (Table 3). The TEM images of kaolinite suggested that the HCI had little effect on its
crystal surface, shape, or structure (Figure 3K-L).
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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 HCI pretreatment; chlorite (Chl)
(E) before and (F) after HCI pretreatment; talc (G) before and (H) after HCI pretreatment; illite (I)
before and (J) after HCl pretreatment; kaolinite (Kao) (K) before and (L) after HCI pretreatment. The
red stars mark the sites where EDS data were obtained.
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3.2. Mixed Samples Subjected to Different HCI 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 sam-
ples 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 HCI concentration increased, the variations in mineral content increased. Interest-
ingly, for Std. 4 and 5, as the HCI concentration increased, the relative content of chlorite
increased. This might be explained by the formation of a kaolinite-like mineral at 7 A. For
the mixed samples with four minerals, where both chlorite and kaolinite were present, a
high HCI 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 at-
tributed to the increase in the 7 A 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 HCI pre-
treatment 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 HCI pretreatment and routine methods.
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A: Clay sample with no HCI

B: Clay sample with 1 N HAC
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F: Clay sample with 1 N HCl at 70 “C
G: Clay sample with 5 N HCl at 70°C

H: Clay sample with 12 N HCl at 70 °C

Figure 4. Quantification of the mixed clay samples after different pretreatments.
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3.3. Comparison of the HCI Pretreatment and Routine Methods in Analysing Mixed and Natural
Samples

To compare the HCI 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 HCI 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 R? values of these linear correla-
tions reflect the accuracy of the clay mineral determinations by the two methods. The R?
value from the data obtained after HCI pretreatment is lower than that of the routine
method, particularly for chlorite and smectite. This suggests that the accuracy of the HCI
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 con-
tents 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 HCI pretreatment and routine methods. The XRD patterns from the two methods
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(A)

0

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 paleocli-
mate 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 HCI 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 A, illite at 10.00 A,
chlorite and kaolinite at 7.10 A before HCI pretreatment; kaolinite at 7.10 A after HCI pretreatment)
to the height of the quartz peak at 3.33 A. 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 IlI.
(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/(I1l + Chl + Kao) ratio.

4. Discussion
4.1. Effects of HCI 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 oc-
tahedral sheets can be classified as dioctahedral or trioctahedral based on the cation/anion
ratio. Clay minerals in HCI lose exchangeable cations and Al, Mg, and Fe from the octa-
hedral and tetrahedral sheets, but the SiOs groups in the tetrahedral sheets remain largely
intact [34]. As such, the main effect of HCI on the clay mineral structure is corrosion of the
octahedral sheets, although previous experimental studies have shown that the dissolu-
tion 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
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Mg? and/or Fe* for Al** 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 sed-
imentary rocks is trioctahedral and varies from Mg- to Fe-rich chlorite [8]. Given that the
trioctahedral species are more soluble in HCl, all HCI concentrations used in our experi-
ments 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. HCI cannot effectively dissolve
kaolinite without calcination, and the dissolution effect is much less than that of H2S504
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 compris-
ing two tetrahedral sheets and one dioctahedral sheet. The crystal structure of illite is sim-
ilar 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 dis-
solution. However, the increase of the broad 7.5 A peak indicates the dissolution of illite.
The tubular morphology in the TEM images, and movement of the XRD reflection peak
to 7.1 A 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 HCI 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 isomor-
phous substitution of Mg? for octahedral Al and Al** 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 HCI dissolution behaviours that can be attributed to the dif-
ferent substitutions of the octahedral cations. Aluminium contents are higher in Na-smec-
tite than Ca-smectite, whereas Mg—Fe contents exhibit the opposite trend (Table S1). This
indicates that there is more Mg?* and Fe® substitution for octahedral Al in the Ca-smectite.
The two types of smectite exhibited large decreases in interlayer cation contents after HCI
pretreatment; i.e., for Ca in Ca-smectite and Na in Na-smectite (Table 3). The large de-
creases in Al and Mg contents suggest that damage of the dioctahedral sheet is more se-
vere in Ca-smectite than in Na-smectite. Therefore, smectite dissolution in HCI 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 Mg? are more read-
ily dissolved by HCI 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 pre-
vious study [34].

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

Based on the effects of HCI pretreatment on the individual clay minerals, chlorite can
be distinguished from kaolinite, and the different structures of smectite can be identified
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in the mixed samples by using HCI pretreatment. Specifically, 1 N HCl at 70 °C can dis-
solve 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 HCI. At >3 N HC], 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 A)
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 HCI at 70 °C shows
that apart from kaolinite, the accuracy of the HCI pretreatment method is lower than that
of the routine method (Figure 5). This is because in the bulk sample XRD analysis used in
the HCI pretreatment method, the non-clay minerals tend to disrupt the preferred orien-
tation of the clay minerals [8,42]. Nevertheless, the analyses with the routine method also
exhibit deviations from the actual mass contents of each clay mineral in the mixed sam-
ples. This is because the contents obtained with the routine method are the volume per-
centage of each clay mineral.

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

Paleoclimate reconstructions using the clay mineral index require thousands of anal-
yses, 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 ob-
tained after pretreatment with 1 N HCI 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 HCI 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. How-
ever, with respect to the weathering intensity, the ratio obtained using the HCI pretreat-
ment method is obviously higher than that obtained using the routine method (Figure 6F).
This suggests that the HCI pretreatment method yields results that erroneously indicate
humid conditions.

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

4.4. Effect of HCI Pretreatment in Other Experiments

HCI 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
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studies, 10% HCl is used to remove chlorite or 1 N HCI, 5 N NaOH, and 6 N HCI are used
sequentially to obtain relatively pure hematite. However, based on our data, 10% HCI 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 smec-
tite after pretreatment with different concentrations of HCI 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 HCI and can be effectively dissolved in
HCI 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
be dissolved with HCI. Na-smectite is barely dissolved at any HCI concentration or
temperature. Illite is partly dissolved in HCL, at 25 N HCl at 70 °C. Kaolinite is not
effectively dissolved in HCI.

2. The XRD peak of residual illite at 11-12° (7.0-7.5 A) 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 smec-
tite.

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 HCI concentration should be <1 N to avoid digestion of clay minerals.
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measured by XRF; Table S2: Comparison of the relative element contents obtained by ICP-OES and
XREF; 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
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