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Abstract: Hematite and goethite are widely occurring chromogenic iron oxides in soils and sediments
that are sensitive to climatic dry/wet shifts. However, only by accurately quantifying the content or
ratio of hematite and goethite can they be applied reliably to palaeoclimate reconstruction. Compared
to the Loess Plateau of China, hematite in the soils of southern China has not been sufficiently studied.
We used diffuse reflectance spectroscopy (abbreviation DRS, including the first-derivative curves and
the second-derivative curves of the Kubelka-Munk remission functions), combined with ignition at
950 °C, and X-ray fluorescence (XRF) to quantify the hematite content of four tropical-margin iron-rich
soil profiles with different matrix compositions in the Leizhou Peninsula, China. We also examined
the application of hematite quantification parameters in soils with different matrix compositions
under the same climatic conditions. Our main findings are as follows: (i) DRS first-derivative curves
can reflect the presence of goethite and hematite in soils, and their relative contents can be compared
within the same profile. (ii) The second-derivative curve of the Kubelka-Munk remission functions
can reflect the relative proportions of goethite and hematite and provide information about the degree
of Al substitution. (iii) Combined with calibration equations, soil redness can reliably quantify the
hematite content, but it is necessary to consider the effect of mucilage envelopes in the process of
hematite formation. Additionally, we summarize various methods used for quantifying hematite,
and the influence of soil matrix compositions, with the aim of providing a reference for hematite
quantification elsewhere. We also propose a new indicator (AHmpgeq/Hmpgeq) to help detect iron
hydroxide/iron oxide changes in soils.

Keywords: hematite; iron-rich soil; tropical margin; diffuse reflectance spectroscopy

1. Introduction

Iron oxides and hydroxides are common in almost all Earth environments [1-3]. In
response to changing ambient conditions, the various Fe oxide/hydroxide phases can
transform into each other [3]. Hematite (x-Fe;O3) is usually the final member in the
transformation process of iron oxides, often coexisting with goethite (x-FeOOH), and it is an
important chromogenic and magnetic mineralogical component of soils and sediments [4-6].
Due to the sensitivity of goethite and hematite to environmental changes, together with
their specific magnetic properties [5], both minerals are often used for palaeoclimate
reconstruction in marine [7,8] and terrestrial [9-12] environments.

Quantifying hematite or determining the hematite to goethite ratio is a prerequisite
for the interpretation of iron mineralogy in palaeoclimate studies. Multi-proxies used in
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combination can help reduce ambiguities in hematite quantification in natural samples [13].
There is also a need for breakthroughs in quantitative methods of spectroscopy. Diffuse
reflectance spectroscopy (DRS) has been used over the last century to determine the contents
of these two minerals, with the unique crystal field band position (521-565 nm) of hematite
distinguishing it from other minerals so it can be studied quantitatively in the visible band
without the need to extend to the near-infrared [14]. Three important points can be made
about the application of DRS to studying hematite in soils. (i) The first derivatives of diffuse
reflectance spectral curves have been used to semi-quantitatively determine the amount
of hematite in soil [15]. (ii) The application of the second-derivative curve of the Kubelka—
Munk (K-M) remission functions has greatly reduced the detection limit of hematite [16].
Thus, DRS is superior to other methods such as Raman spectra and X-ray diffraction for
quantifying hematite. Additionally, DRS has the advantages of being economical, rapid, and
non-destructive, and it can be combined with the standard citrate-bicarbonate-dithionite
(CBD) treatment to accurately quantify the hematite and goethite contents of soils and
sediments [14]. However, influences such as cation substitution need to be considered
when using DRS for the accurate quantification of these minerals [17-19]. (iii) Previous
studies on the redness indices of soils have shown a high correlation between the Munsell
color equation parameters and the hematite content in both synthetic and natural samples,
as well as with the CIE standard colorimetric system [4,20]. The calibration equation for
the visible band established by Ji et al. [21] can also accurately quantify hematite. Long
et al. [6] accurately estimated the content of natural hematite using an equation based
on the reflectance percentage of the red band, eliminating the need for time-consuming
CBD treatment. Additionally, spectral experiments with a wider range of wavelengths
(4002400 nm) have been applied to loess [22], and, recently, Meng et al. [23] proposed a
new method for determining the ratio of goethite to hematite that avoids the influence
of soil matrix compositions and applied it to the Luochuan loess sequence. Different
soil matrices represent different mineral categories and contents of non-measured target
minerals. This affects the DRS measurement results [9,15].

The degree of Al substitution in hematite in the eolian loess-palaeosols of northern
China is lower than in the soils of southern China [17]. Both magnetic measurements [24]
and DRS [18,25-28] have been applied to determine the degree of Al substitution. In
recent years, there has been an increased number of studies on soil hematite in southern
China, such as of the red earth sediments of the Sichuan Basin [29,30], the lateritic soils
of the Guangxi Zhuang Autonomous Region [31,32], and the Latosols of Fujian [33,34],
Guangdong [35,36], and Hainan [6,37,38].

In the tropical and subtropical regions of southern China, intense weathering occurs
during periods of heavy rainfall and elevated temperatures. Compared to loess in northern
China, Latosols in southern China contain significantly higher levels of free Fe. Hematite,
being the pedogenic end-stage and stable secondary Fe oxide, is also present in abundance
due to numerous factors. Hematite to goethite ratio has been demonstrated to be a consid-
erable potential index of precipitation [39]. However, the calculation and analysis of this
parameter is still debated [40].

Soil development is affected by the five principal soil-forming factors (climate, parent
material, topography, biology, and time), which raises the issue of the impact of the parent
material on the formation and measurement of hematite in soils. To complement previous
studies of hematite in different soil forming environments in the warm areas of several
continents [41-45], we selected tropical iron-rich soils in the southern margin of China
which developed under the same climate but with different parent materials, including
granite, sandstone, unconsolidated sediments, and basalt. Our investigation focused on
hematite content changes and the associated influencing factors in soil profiles developed
from various parent materials. Although both goethite and hematite are essential, research
on hematite in tropical regions is more mature [6], and it is difficult to accurately quantify
natural goethite, with only a small amount of research on artificial goethite [3,18,46].
So, a semi-quantitative discussion was conducted on goethite. We used the first- and
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second-derivative curves of the Kubelka—-Munk remission functions, soil redness calibration
equations, and high-temperature ignition (at 950°C, where the various polymorphs of
FeOOH or ferrihydrite dehydrate completely and transform into hematite). The samples
were subjected to various analytical procedures before and after ignition, providing a more
comprehensive assessment than commonly used loss-on-ignition (LOI) measurements.
We also used X-ray fluorescence (XRF) to quantify the total Fe content and constrain
hematite content. Considering the strong Al substitution of hematite in tropical soils and
the substantial differences in soil matrix compositions, we did not use the method of
Scheinost et al. [14] for quantifying hematite; but we used the more convenient redness-
based calibration method. Our overall objectives were to integrate various analytical
methods to maximize the application of hematite in palaeoclimate studies, and to achieve a
more reliable quantification across soil profiles developed on different parent materials.

2. Materials and Methods
2.1. Study Area and Sampling

The Leizhou Peninsula, which is located on the margin of the tropical region of China,
has a hot and humid climate with concentrated summer precipitation. This region is
characterized by the widespread occurrence of Quaternary basalts [47], which contribute
to the development of typical zonal Latosols [34,48]. Four representative soil profiles
composed of the southern weathering crust in Guangdong Province were selected (Figure 1
and Table 1). The four profiles were distributed within a relatively small area under similar
climatic conditions, and all profiles were located on well-drained slopes to avoid the
influence of water retention and a reducing soil environment. The profiles, from north to
south, include Maoming (MM), Zhanjiang (Z]), Leizhou (LZ), and Xuwen (XW), which are
characterized by differences in genetic conditions (Tables 1 and 2).
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Figure 1. Location of the study area within Guangdong Province, China, and locations of sampled
soil profiles.
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Table 1. Soil profile characteristics.

Profile Horizon Depth/m Muné(;l;rfolor Quartz Particles Texture
A 0-0.1 75YR4/6 Fine, Fewer Loose
MM B 0.1-2.2 2.5YR4/8 Coarse, Abundant Sticky
C 2.3-4.1 5R5/6 Coarse, Abundant Sticky
A 0-0.1 5YR3/3 Fewer Loose
7] B 0.1-1.2 5YR4/6 Fewer Sticky
C 1.3-1.7 2.5YR4/8 Fewer Sticky
Yellow Sand 0-0.1 10YR6/8 Fewer Loose
L7 Uniform Red Clay 0.1-1.7 2.5YR4/8 Fewer Sticky
. 2.5YR5/8; Sticky (1.7-3.2 m)
Reticulate Red Clay 1.7-4 2.5YRS /4 Fewer Loose (3.2—4 m)
XW A 0-0.3 5YR3/4 Fewer Sticky
B 0.3-2.5 2.5YR3/4 Fewer Sticky
Table 2. Information about the studied soil profiles.
Profile Latitude/° Longitude/° Parent Material Altitude/m  Thickness/m MAT/°C MAP/mm
MM 21.540 110.929 Granite 347 41 23.5 1762.2
7] 21.208 110.287 Fine sandstone 43.8 1.7 23.5 1731.4
Lz 20.948 110.091 Unconsolidated sediment 43.0 4.0 23.2 1623.9
XW 20.409 110.139 Basalt 75.2 25 23.8 1428.4

MAT is the mean annual temperature, and MAP is the mean annual precipitation.

All profiles were sampled at 10 cm intervals. We collected 42, 18, 41, and 26 samples
in MM, ZJ, LZ, and XW, respectively, for a total of 127 samples. The samples were weighed
before and after air drying, and the water-holding capacity (WHC) was calculated [(wet
weight-dry weight)/wet weight x 100]. More information, such as terrain, is given by
Tang et al. [35].

2.2. Laboratory Procedures and Measurements

Visible DRS measurements were taken with a UV-2600 + ISR-2600PLUS ultravio-
let/visible spectrophotometer, Shimadzu (China) Co. (Beijing, China), with a wavelength
range of 380-720 nm and measurement interval of 1 nm. Baseline correction was performed
using barium sulfate (white plate) before starting measurements. Visible plant roots were
removed, and air-dried samples were ground to pass 200 meshes (Approximately 74 pm)
using an agate mortar. The sample powder was added to fill approximately half the capacity
of the holder frame.

According to Long et al. [6], redness was calculated, and the hematite content (Hmgeq)
was determined as a percentage using Equation (1), R? = 0.97, as below.

Hmpgeg(%) = 0.0012 x exp?-196>Redness 1)

The Kubelka—-Munk theory was used to convert the original wavelength and re-
flectance curves into K-M remission functions, as discussed by Scheinost et al. [14]. The
second derivative and curve smoothing were calculated and implemented using the UV-
Probe 2.61 software. A convolution function with 17 data points was used for smoothing
and derivative calculations. The ‘differential wavelength difference’ in this software can be
thought of as the number of smoothing points. The larger the value, the smaller the noise,
but the resolution of resulting spectra is also reduced. Therefore, the smallest value of ‘10’
was chosen there. Spectral experiments were conducted before and after samples were
heated to 950 °C for 5 h in a muffle furnace. The heating experiment used 1 g of the sample
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and a scale with a precision of one ten-thousandth. A small sample content is conducive to
the full transformation of minerals (Table 3).

Table 3. List of abbreviations.

Parameters Abbreviation
Peak height of the first-order derivative curve at 575 nm Hmgg
Peak height of the first-order derivative curve at 435 nm Gtygt
Amplitude of the second-order derivative curve of the Kubelka-Munk remission functions at wavelengths of 535-590 nm Hmy,gq
Amplitude of the second-order derivative curves of the Kubelka-Munk remission functions at wavelengths of 405450 nm Gtona
Percentage of red band (630-700 nm) in the visible light band (400-700 nm) Redness
Hematite content determined using calibration Equation (1) Hmgeq
Weight percentage of Fe,O3 measured using X-ray fluorescence (XRF) relative to the total Fe content FerO3/%
Hematite content indicated by the Hmpgq4 difference value before and after ignition AHmpgeq

Major element compositions of the soil samples were analyzed using X-ray fluores-
cence (XRF) with a Thermo ARL PERFORMX spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). An appropriate amount of sample and boric acid was pressed under a
30t pressure to a disc with a diameter of 3.2 cm. A quantitative analysis of standard samples
was conducted using XRF spectrometry. The results are expressed as weight percentages of
the element oxide. The Chemical Index of Alteration (CIA) and the Index of Weathering and
Leaching (Ba Index) were calculated from the results. The CIA was calculated as follows:
CIA = Al,03/(Al,O3 + CaO" + Na,O + K,0) x 100, where CaO* represents the calcium
content of silicates, which reflects the degree of weathering of feldspar minerals into clay
minerals. The CIA is often taken to indicate the degree of chemical weathering in the
source area. CIA values of 50-65 indicate weak chemical weathering under a dry and
cold climate; values of 65-85 indicate moderate chemical weathering; and values of 85-100
indicate strong chemical weathering, typically under the hot and humid conditions of
tropical regions [49]. The Ba Index is the ratio of the soluble alkali component and alkaline
earth metal elements to relatively stable Al;O3; and was calculated as follows: Ba Index =
(K20 + NayO + CaO + MgO)/ Al,Os. The lower the Ba Index, the stronger the degree of
weathering [50].

Original and ignited samples were ground into powder (without damaging the origi-
nal soil particles) and placed in an 8 cm® transparent plastic box. Low-frequency magnetic
susceptibility measurements were taken with a Bartington Instruments MS2B Magnetic
Susceptibility Meter at a frequency of 470 Hz.

3. Results
3.1. Characteristics of the First Derivative of DRS Curves before and after Ignition

First-derivative curves of DRS before and after ignition are shown in Figure 2. In
unheated samples, a goethite peak occurs at 435 nm and a hematite peak at 575 nm. After
heating at 950 °C, the peak at 425-450 nm shifts significantly; there is only a subduct
peak at 435 nm; and the peak intensity at 575 nm increases—indicating that goethite is
dehydrated and transformed into hematite. Samples from the XW profile are different:
the 425-450 nm peaks have minimal changes after ignition, while the peak for hematite
increases significantly. This difference is likely due to the higher concentration of hematite
compared to goethite.

3.2. Characteristics of the Second Derivative of the DRS K-M Remission Functions before and after
Ignition at 950 °C

Although the DRS K-M second-derivative curves contain a large amount of infor-
mation, they are influenced by several external factors. Silva et al. [44] considered the
amplitude ratios at 535-580 nm and 415-445 nm to reflect the ratio of hematite to goethite.
This approach was intended to avoid matrix composition effects caused by differences in
soil composition and degree of weathering. They also identified 425 nm as the minimum
for the goethite band (the above bands are labeled in Figure 3). There are differences in the
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soil matrix, such as mineral composition, content, and Al substitution, between different
profiles and even between different layers within the same profile. In calculating Hmy, 4,
the effect of this factor on the position of the minimum for hematite or goethite of the
second derivatives of the DRS K-M remission functions needs to be taken into account,
especially in soils with a strong Al substitution in southern China. As a consequence, we
used the amplitudes of the 535-590 nm and 405450 nm peaks in the second derivative
curves of the K-M remission functions as proxies for hematite and goethite, respectively.

According to Liu et al. [17], Al substitution causes the characteristic peak of goethite
to shift to a shorter wavelength and the characteristic amplitude to decrease. A reference
to Figure 3 reveals a small minimum to the left of 535 nm, with the minimum for the
characteristic goethite band in the XW profile located at 425 nm, while for the remaining
three profiles, it is at 415 nm. This suggests the occurrence of Al substitution.

After heating to 950 °C, the amplitude of the hematite (signed Hmj,q4) increased
significantly, which indicates an increased hematite content. A reduction in the amplitude
of the goethite (signed Gty,gq) suggests a goethite content decrease (Figure 3).
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Figure 2. First derivative curves of soil samples (a) MM 1.4 m, (b) Z] 1.1 m, (¢) LZ 1.3 m, and (d) XW
0.9 m. Black/red curves are the results before/after ignition at 950 °C.

3.3. Comparison of the Hematite Content Estimated by Redness before and after Ignition at 950 °C

To estimate the amount of hematite in the soil before and after ignition, we used
the DRS Redness reflectance data and Equation (1) (as shown in Figure 4). The original
Fe;O3/% is also shown. The blue curves indicate the hematite content of the unheated soil;
the red curves represent the hematite content in the soil after heating at 950 °C; the gray
bar charts represent the total iron content in unheated soil (measured using XRF). The iron
content remains the same before and after heating. The hematite content being higher than
the total iron content indicates that the calculated hematite content is incorrect. To avoid
overestimating the hematite content, we corrected the values of Hmg,q4 ignited.
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Figure 3. Second-derivative curves of K-M functions for samples (a) MM 1.4 m, (b) Z] 1.1 m, (c) LZ
1.3 m, and (d) XW 0.9 m before (black curves) and after ignition at 950 °C (red curves). Dashed lines
correspond to 415 nm, 425 nm, 445 nm, 535 nm, and 580 nm.
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Figure 4. Hmg.4 curves before and after ignition and the original Fe,O3/%. Soil genetic horizons
(A, B, C) are divided by the gray dashed lines.
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Hmgeq ignited (%) calibrated = [(weight of the heated sample) x (Hmgeq ignited from
DRS and Equation (1))]/(weight of the unheated sample).

Due to the loss of external or structural water during heating, it is not reasonable to
directly compare Hmgeq ignited with Hmpg.q unignited. Experiments showed that high-
temperature heating causes the sample to redden and the hematite content to increase. The
Hmg,q ignited for the Z] and LZ profiles is incorrect (Figure 4).

Soil XW in basaltic regolith had the highest magnetic susceptibility, followed by soil
Z] in fine sandstone regolith, and soil MM in granite regolith had the lowest magnetic
susceptibility (Table 4). Ignition resulted in a significant magnetic susceptibility loss,
particularly in XW and Z]J.

Table 4. Mean low-frequency magnetic susceptibility of different soil layers before and after heating
(unit: 1078 m3/kg).

Profile MM 7] LZ Xw
Horizon A B C A B C Yellow sand ~ Uniformred clay ~ Reticulate red clay A B
Original x 12.30  13.82 7.64 175.60  178.12  150.00 18.30 21.56 7.55 880.67 549.23
Ignited x —0.54 0.08 1.89 3.68 5.97 6.26 —1.07 0.76 3.65 1216 1291

X in Table 4 is the average value for each horizon. All of the original samples were measured. A fraction of
the heated sample was selected for measurement. Odd numbered samples from Z] and XW were measured,
considering the lower x of MM and LZ; 1/3 of samples were measured.

4. Discussion
4.1. Relationships between DRS Parameters

A comparison of the colors of the different soil profiles indicates that the XW profile
has a stronger red color throughout. This reddish hue is proportional to the hematite
content [4]. The hematite content in the XW profile is approximately 8%, which is higher
than for the other profiles (Figure 4, blue curves). Additionally, in Figure 2, the peak at
575 nm in the unheated curve of the XW profile which is smaller than in the other profiles
indicates that the different soil matrix has a different effect on the first-derivative curve.
Therefore, it is inappropriate to directly compare the hematite content of different profiles
based on the first-derivative curve peaks. This observation is consistent with the findings of
Jiang and Liu [19], and it is mainly the result of variations in parent material and pedogenic
environment. Therefore, it is not possible to compare hematite contents based on the first
derivative of DRS curves of different soil horizons where significant matrix composition
differences occur within the same profile.

A change in the goethite-to-hematite ratio could potentially overcome this limitation.
Su et al. [51] applied the Hmg-to-(Hmyg + Gtig) ratio to soil profiles developed on
granodiorite and basalt. This ratio reflects different soil conditions of two soil profiles within
the subtropical zone. Due to the relatively low average annual rainfall and the difference in
weathering resistance of the parent rock, the basalt profile had a higher value [51].

Figures 2—4 indicate a goethite decrease and a hematite increase after heating. The
characteristic goethite peak in Figure 2d changes slightly before and after heating, possibly
due to the relatively small amount of goethite in the XW profile compared to hematite.
However, the characteristic hematite peak undergoes significant modification. The distinc-
tive x)f decrease of the sample after heating indicates an obvious loss of strong magnetic
minerals (Table 4); we infer that maghemite was converted into hematite during heating.
Hematite is the terminal product of iron oxide conversion, while ferrihydrite and lepi-
docrocite are transition products [3]. In marginal tropical climate conditions, there is little
or no ferrihydrite in soil profiles. It can, thus, be inferred that XW contains little goethite
and even less ferrihydrite.

The second derivative of the K-M curve provides more dependable information which
is not accurate hematite content than the first derivative of the original reflectance curve.
The hematite amplitude of the second-derivative curve of the K-M remission functions
is related to the Hmg.q value, which is different from the first derivative of the original
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reflectance curve (Table 5). In the absence of Al substitution, the relative hematite contents
of soils with different matrix compositions can be compared.

Table 5. Average values of DRS and geochemical parameters for the studied soil profiles.

+ o Hmy,q/(Gtang Hmyg/(Hmyg
Profile CIA BaIndex Fey03/% Hm,,q Hm;gy  Hmgeq + Hmy,g) + Gtygt)
MM 88.318 0.917 3.714 0.00071 0.380 1.702 0.400 0.756
LZ 86.382 0.121 6.285 0.00079 0.400 3.438 0.227 0.748
Z] 90.130 0.076 10.411 0.00084 0.300 4.010 0.201 0.763
XW 97.552 0.021 14.168 0.00282 0.263 8.172 0.360 0.876

There is a stronger correlation between Hm;¢t and Hmgeq in the MM and XW profiles,
whereas there is a stronger correlation between Hmy, g and Hmgeq in the ZJ and LZ profiles
(Figure 5, SI Figures S1 and S2). Unlike the other parameters, Hmg.q is the only parameter
in the correlation analysis that specifies the percentage of hematite content.
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0.8
Gtypy . Gty 077 0.83 0.62 0.88 0.75 06
Gt, /Hm, 4 ‘ .GtM/HmZHd —0.66 094 0.95 0.82 0.94 - 0.4
, 0.2
Hm, = . Hm,, 047 -079 0.71 ~0.64
-0
Gt . ‘ ‘ ‘ Gty 089 0.80 0.86
0.2
Gt o /Hm, . . ' ‘ ‘ Gty/Hmyy 056 0.69 0.88 | o4
Hmgq | (* g ‘ . . Hmg g -06
AH * AH —0.8
Mpeq My 092
-1
s @ QP QP O Q@ © @t
>

> > > X & X > >
O S s N M N <€ QE <&
peoos Q7 CT@8T9SOF o T

v G

Figure 5. Correlation charts of relationships between DRS parameters for MM soil profiles. Please
refer to Table 3.

We now introduce a new parameter AHmg.q/Hmpgeq4. We observe a positive corre-
lation between Gtp,q /Hmy,q and AHmgeq4/Hmgeq that was stronger in the MM and LZ
profiles. The Z]J profile has a strong correlation between various derivative results and
AHmMR.q/Hm geq. However, correlations among the parameters for the XW profile are
poor (Figure 6), which can be attributed to a significant degree of Al substitution, which
results in larger errors in Hmy,q and Gtyg. Additionally, there is a stronger correlation be-
tween Gty /Hmjg and AHmgeq/Hmpgeq compared to Gty /Hmyg and AHmgeq/Hmpgeq.
The first-derivative curves of DRS data are more robust [52], and for this reason the first-
derivative curve is widely applied in studies of marine and terrestrial sediments [12,41].



Minerals 2024, 14, 242

10 of 14

9 0.60
71 (a) MM og ° 0.8 3 (b)ZJ o ° 2 055
6 y=6.221x+1.153 0.7 7 y=1.213x+0.853 0.50
Zs 0.6 6 R*=0.939 045 Z
E 4 03 5 040 =
z 04 4 035 &
<0 03 3 030 3
o, - : 3
0.2 2 0.25
- " = G
| y=0.543x+0222 | | | y=0.073x+0.089 |
R?=0.883 R?=0.974
0 0.0 0 0.15
02 00 02 04 06 08 10 1 2 3 4 5 6
12 0.9 24
(c) LZ ° (d) XWae ) o [0153
10 y=2.942x+0.173 2?0 0.8 y=-0.455x+2.022
N 9 22 1 0.150
R2=0.948 0.7 JR=-0311
23 0.147 2
g 0.6 20 g
ax 5 0.144 =
\‘g 6 0.5 oo \2
R 04 1.8 0.141 =
o 4 ° &)
o ° 0 0.3 3 0.138
2 - 1.6 - Y )
2 y=0.151x+0.133 [¢ 2 8% o y=0016x+0.133 | .
2 ] 2 13
> _ R=0710 Y 14 R2=0.400
00 05 10 15 20 25 30 35 03 04 05 06 07 08 09
AHmg /Hmg 4 AHmg ./ Himgq

Figure 6. Scatterplots of DRS parameters for soil profiles (a) MM, (b) ZJ, (c) LZ, and (d) XW. Linear
regression lines are included.

In general, correlations among the various parameters for the XW profile are low. It
appears that DRS parameters for the XW profile may be influenced by other factors, such as
the greater degree of Al substitution. Studies have shown that the aluminum substitution
rate for goethite in tropical soils (bauxites and saprolites) is as high as 32% [2,18]. The soil
in the XW profile is highly developed, with an Al substitution rate of >8% for hematite.
Thus, Hmy,,q does not reflect the relative hematite content. Soils developed on basaltic
weathering crusts are characterized by less SiO; and more cation migrations compared to
soils developed on granite, as well as being richer in Al and Fe [48]. Additionally, the degree
of Al substitution in hematite is directly proportional to the quantity of Al present [17].

4.2. Applicability of the Various Indices in Soils Developed on Different Parent Materials

The four soil profiles are located within relatively close proximity and have similar
topographic and climatic conditions. According to the CIA and Ba Index, all studied profiles
experienced strong chemical weathering under a hot and humid climate (Table 5), with
the profiles ordered by the degree of weathering as follows: XW > Z] > LZ > MM. Based
on these observations, we now explore the influence of parent material on the hematite
content and the hematite quantification method used.

Parent material determines the amount of primary minerals in a soil, and together
with any sediments introduced from outside the area, it directly influences the soil Fe
content. Soils developed on different parent rock types undergo different weathering
processes. For example, red earth soils developed on basalt have significant Fe enrichment,
while weathered granite forms silica and alumina-rich weathered crusts [48]. These two
factors together generate significant variations in Fe;O3 /% within the studied profiles. For
example, the XW profile, developed on basalt, has a much higher Fe,O3 content compared
to the MM profile, which developed on granite (Figure 2).

The reliability of the quantitative Hmpg.q results is confirmed by the results in Table 5.
The average values of the various indices (CIA, Ba Index, Fe;Os/%, Hmy,q, Hmigt) in
Table 5 enable the profiles to be grouped in the following order: XW > Z] > LZ > MM. Next,
we analyze the results before and after ignition at 950 °C.

Zou et al. [53] studied the response of natural goethite to heating. They found that
natural goethite gradually transformed into hematite at 154.5 °C, and that its acicular
morphology became cylindrical at 900 °C. Our soil samples were heated to 950 °C for 5 h,
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after which goethite transformed completely into hematite. We compared Hmpgeq values
for samples before and after heating to obtain the parameter AHmg4. These parameters
correlate well with the DRS parameters characterizing goethite (Figure 5, SI Figures S1
and S2). Taking the LZ profile as an example, the R? of the relationship between AHmgeq
and Gtp,q is 0.96, and for the MM profile, R? = 0.88. However, these parameters are only
moderately correlated in the Z] profile and are poorly correlated in the XW profile, which
suggests that the use of DRS K-M remission functions may not be applicable to the XW
profile. Furthermore, some amount of maghemite, less magnetite, and a little ferrihydrite
were also transformed into hematite. Ferrihydrite is a transition product in the formation
of common iron oxides [3], and it exists for a short time, especially in environments such as
the XW profile.

If the hematite concentration estimated from Hmg.q exceeds Fe;O3/%, then this
indicates that an unreliable quantification has been obtained. Unheated samples have
lower Hmg,4 values than Fe;O3/% (Figure 4), which indicates a significant relationship
between the two, thereby testing whether the hematite quantification is incorrect. After
heating, Hmpg,.q values for the Z] and LZ profiles were greater than Fe;O3 /%, which may be
due to the following reasons. First, hematite formation during the goethite transition led to
development of a mucilage envelope, resulting in an overestimation of the hematite content
based on the redness calibration equations applied to the DRS data. During the hematite
formation process in natural environments, goethite dehydration led to the attachment
of hematite to other minerals, such as red eolian sand on the coast of South China [54].
Second, Fe in other minerals may also participate in Fe oxide/hydroxide transformations.
Third, saturation of the red soil coloration influences quantitative estimates using DRS [44].
Therefore, caution should be exercised when using redness calibration equations to quantify
soil hematite contents on sandy parent materials.

The methods used to quantify hematite or the proportion of goethite and hematite
under different environmental conditions should be adjusted according to the specific
methods used together with environmental factors. Numerous factors influence hematite
quantification, including parent material, soil temperature, soil moisture, cation substitu-
tion, organic matter, pH, and topography [5]. We selected profiles developed from different
parent materials under similar climatic conditions, uniform topography, and good drainage
to investigate the influence of soil matrix compositions. In this study, we used samples
from the B-horizon, which has a lower organic matter content than the A horizon (Figure 3).
The four profiles have similar climates but different soil parent materials (Tables 1 and 2),
which significantly affect the content of hematite, as discussed later.

Previous studies have shown that soils developed from different parent materials can be
ordered in terms of their hematite content as follows: basite (basalt) > acidite (granite) > sedi-
mentary rocks (sandstone and limestone) [44,55]. The study of Wiriyakitnateekul et al. [55]
on soils developed on granite, basalt, sandstone, and limestone revealed minimal differences
in hematite crystal size among the different parent materials, and they found that, on average,
hematite particle sizes are larger than those of goethite.

The degree of Al substitution in goethite is influenced by parent material. For exam-
ple, Singh and Gilkes [45] found that, in terms of the median Al substitution values of
goethite, soils developed from different parent materials can be ordered as follows: acidite
> basite > alluvial material. Goethite in soils derived from basalt has a lower degree of Al
substitution [55]. However, for the hematite derived from different parent materials, the
degree of Al substitution has an opposite sequence to that for goethite. Additionally, the
degree of Al substitution for hematite was around half of that for goethite [45].

Changes in the goethite-to-hematite ratio in soils and sedimentary sequences have
been used for monsoon reconstruction [29,56]. Therefore, changes in the ratio of these two
minerals caused by parent material differences cannot be ignored when interpreting results.
The goethite/(goethite + hematite) ratio varies in soils developed from different parent
materials and can be ordered as follows: acidic rocks > alluvial rocks and basic rocks [45].
The hematite/(goethite + hematite) ratio is equally important.
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The Hmg.4 values obtained here are generally consistent with previous results and
are consistent with the fundamental principle that parent material influences the hematite
distribution within soils. However, it is necessary to reevaluate the K-M second-derivative
remission functions of the XW profile and to reconsider the use of Hmg.4 due to Al substitu-
tion and redness saturation. Additionally, by reference to Table 5, the Hmy;/(Gtyst + Hmygt)
ratio provides more valuable insights than the Hmy, 4/ (Gtyng + Hmy,q) see Supplementary
Material, although both are influenced by Al substitution.

5. Conclusions

We used various metrics derived from a DRS analysis to quantify the hematite content
of four Fe-rich soils on the Leizhou Peninsula, which is on the margin of the tropical
region of China, developed under similar climatic conditions but with different soil matrix
composition characteristics. Our findings indicate the following: (i) first derivative of
DRS curves reflect the presence of goethite and hematite in these soils and enables a
comparison of the relative contents of these minerals within the same profile. (ii) Second-
derivative curves of the DRS K-M remission functions provide information about the
relative proportions of goethite and hematite, as well as about the degree of Al substitution.
(iii) Redness calibration equations can provide a reasonable estimate of the hematite content;
however, it is important to consider the influence of the mucilage envelope during hematite
formation, as well as the development of clay particle envelopes. (iv) We define a new
indicator (AHmReq/Hmgeq) which represents the ratio of (ferrihydrite + FeOOH)/hematite
and can be used to indicate goethite to hematite ratio in dry soil environments where the
ferrihydrite proportion is relatively low. The DRS method and new indicators are not
suitable for the quantitative analysis of hematite in weathered sandstone crustal soils or red
eolian sand, as secondary hematite in such soils can encapsulate minerals such as quartz,
leading to an overestimation of the hematite content. Overall, we show that the combined
use of multiple metrics derived from a DRS analysis enables a more accurate quantification
of the hematite content, with implications for palaeoclimate studies.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/min14030242/s1, Figure S1: Correlation charts of rela-
tionships between DRS parameters for Z] profile; Figure S2: Correlation charts of relationships
between DRS parameters for LZ profile; Figure S3: Correlation charts of relationships between DRS
parameters for XW profile; Table S1: The data used for the correlation analysis in this paper.
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