American Mineralogist, Volume 110, pages 791-807, 2025

Heterogeneous distribution of Al-hematite regulated by hydrologic regime in a basaltic
laterite of Hainan Island, South China: Implications for the aqueous history of Mars
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ABSTRACT

Al-hematite occurs in a wide range of terrestrial soils, but the impact of hydrologic factors on the
formation and preservation of Al-hematite remains uncertain. Experimental studies indicate that the ratio
of'the intensity (I) of the (110) reflection to the intensity of the (104) reflection [(I(110)/I(104)] increases
with increasing Al content in a series of synthetic Al-hematite analyzed by X-ray diffraction (XRD),
whereas the ratio of the full-width at half maximum (W) of the (110) reflection to the full-width at half
maximum of the (104) reflection [W(110)/W(104)] decreases. Quantitative constraints were applied to
determine the various levels of Al-substituted hematite in a basaltic laterite (a 48-m-long drill hole) from
Hainan Island in South China. The spatial correlation between the distribution of hematite with varying Al
content and the location of the groundwater table in the basaltic laterite indicates that hydrologic condi-
tions play a crucial role in regulating the formation and preservation of Al-hematite. The weathering of
basalt in a stable water-saturated environment with a relatively slower flow rate promotes the formation of
Al-poor hematite. Conversely, the formation of Al-rich hematite was favored by a relatively high flow rate
and alternating wet and dry conditions above the groundwater table. Additionally, capillary water in the
surficial soil facilitates the expulsion of Al during the recrystallization of Al-rich hematite, resulting in the
formation of Al-poor hematite in the surficial soil. Observations from landed instruments and ground-
based telescopes have led to the longstanding suspicion that Al-hematite exists on the surface of Mars.
The potential presence of Al-hematite in certain martian outcrops may suggest the existence of transient
liquid water with slightly higher flow rates, such as episodic floods, emphasizing the dynamic hydrologic
conditions on Mars. Moreover, this study suggests that visible and near-infrared (VNIR) spectroscopy can
be employed to identify and characterize Al-rich hematite. This approach could be employed to assess the
potential presence of Al-rich hematite on Mars, aiding in the study of'the planet’s hydrologic environment.

Keywords: Al-hematite, basaltic laterite, hydrologic environments, visible and near-infrared

spectroscopy, Mars

INTRODUCTION

Hematite (a-Fe3'O3) is one of the most ubiquitous iron oxi-
des on the surface of both Earth and Mars (Torrent et al. 1982;
Schwertmann et al. 2000b; Cornell and Schwertmann 2003;
Fraeman et al. 2013; Hu et al. 2016; Rampe et al. 2020; Jiang
etal. 2022). Hematite has the same crystal structure as corundum
(-Alx03) (Jiang et al. 2022). It is well established that certain
cations, including AP, €27, and Ti**, can be incorporated
into the hematite structure by replacing Fe’t (Schwertmann et al.
1979; Wells et al. 1999). Among these cations, APPY substitution
is the most prevalent, with the capability to substitute for up to
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18 mol% of Fe** in hematite (Schwertmann and Murad 1988;
Lietal. 2016). Notably, Al substitution in hematite can have sig-
nificant effects on its mineralogical characteristics, including
color, magnetic properties, crystallinity, and crystal morphology
(Barron et al. 1984; Cornell and Schwertmann 2003; Hu et al.
2016; Li et al. 2016; Jiang et al. 2022).

Al-hematite is found in various terrestrial soils (Singh and
Gilkes 1992; Jiang et al. 2022), particularly those developed from
mafic materials, such as the lateritic soils of southwestern Austra-
lia (Singh and Gilkes 1992). Hematite exhibiting unique mineral-
ogical characteristics has also been discovered on the surface of
Mars, e.g., nanophase, red crystalline, and gray crystalline hema-
tite (Morris et al. 1989; Bell et al. 1993; Christensen et al. 2001;
Catling and Moore 2003; Barron et al. 2006; Fraeman et al. 2013;
Rampe et al. 2020). Although definitive proof of Al-rich hematite
on Mars is yet to be established, Al substitution remains a
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plausible mechanism to explain the notable variations observed in
martian hematite. In particular, ground-based telescopic spectral
observations suggest that Al-hematite may be present in multiple
“bright regions” scattered across the surface of Mars (Morris et al.
1992). Also, some hematite in Gale crater (e.g., the sample Stoer)
has relatively smaller a and ¢ cell parameters, suggesting that there
may be significant Al substitution in hematite (Rampe et al. 2020).
The widespread occurrence of hematite in ancient martian rocks,
along with the potential presence of Al-hematite, may serve as
an indicator of soil moisture and pedogenic processes, which
are in turn related to climate variability and environments on Mars
(Jiang et al. 2022).

The substitution of Al in hematite is influenced by various
physicochemical conditions, including temperature and pH
(Schwertmann et al. 1979, 2000a; Cornell and Schwertmann
2003). According to experimental studies, a weakly alkaline
environment—typically with a pH around 7-8—favors the forma-
tion of Al-rich hematite (Schwertmann et al. 1979, 2000a). In addi-
tion, several studies have highlighted the significant role of
hydrologic conditions in shaping the kinetics, processes, and pro-
ducts of weathering of minerals and rocks by regulating the redox,
moisture, and flow rate of surficial and underground waters (Rim-
stidt and Newcomb 1993; Olsen and Rimstidt 2007; Dixon et al.
2015; Fang et al. 2019; Huang et al. 2021; Zhao et al. 2023). Nev-
ertheless, the precise correlation between hydrologic factors and
the formation and preservation of Al-hematite remains uncertain.

Given that the surface of Mars primarily consists of basaltic
materials (Rogers and Christensen 2007; Baker 2017; Hadnott et al.
2017), the widespread occurrence of hematite in basaltic laterites on
Hainan Island, South China (Long et al. 2011) can serve as an
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analog for the development of hematite on the mafic to ultramafic
crust of Mars. In this study, we used X-ray diffraction (XRD), visi-
ble and near-infrared (VNIR) spectroscopy, scanning electron
microscopy (SEM), high-resolution transmission electron micros-
copy (HRTEM), thermogravimetric analysis (TGA), and chemical
analyses to investigate the distribution and characteristics of
(Al)-hematite in the Hainan basaltic laterite. In addition, we pre-
pared a series of hematite samples with varying Al content in the
laboratory and systematically examined their XRD patterns to
explore the link between changes in XRD features and the levels of
Al substitution in hematite. The heterogeneous distribution of man-
ganese (Mn), cerium (Ce), and gibbsite serves as effective proxies
for assessing the hydrologic regime within the laterite. This enables
us to investigate the underlying effects of the hydrologic regime on
the formation and preservation of Al-hematite. The application of
VNIR spectroscopy facilitates a comprehensive analysis of the
spectral signatures linked to Al substitution in hematite. This anal-
ysis proves valuable in interpreting remote sensing data gathered
from Mars. This understanding not only improves our knowledge
of terrestrial weathering processes but also enables us to infer the
paleoenvironmental conditions that may have existed on Mars.

STUDY AREA AND SAMPLING
Hainan basaltic laterite

The study area is situated on Hainan Island, South China
(Fig. 1a). The Cenozoic basalts have a wide distribution across
Hainan Island, covering an area of ~4160 km?. These basalts were
deposited over a time period ranging from 100 000 years to 10
million years and can be found in strata that are up to 1 km thick.
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Ficure 1. (a) Simplified geological map of Hainan Island, South China, and the location of the Chengmai basaltic laterite (red star). (b) Section of
Chengmai basaltic laterite (after Liu et al. 2021a). The laterite is classified as basaltic weathering layer I (BL I), from 48.0 to 39.0 m, basaltic weath-
ering layer II (BL II), from 39.0 to 31.5 m, basaltic weathering layer III (BL III), from 31.5 to 20.0 m, and basaltic weathering layer IV (BL IV), from
20.0 to 1.0 m. The colors and fills in (b) correspond to different lithological zones. (Color online.)
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The studied area has a warm climate (mean annual temperature
~23.7 °C) and considerable precipitation (mean annual rainfall
~1760 mm), largely influenced by the East Asian Summer Mon-
soon. Hainan Island exhibits a multitude of basaltic formations,
which have given rise to several basaltic laterites that vary in
thickness from tens to hundreds of meters.

Sampling

The basaltic laterite being studied is located in the north of
Chengmai (CM: 19°46’ 34”N, 110°00’ 23”E), southwest of
Haikou City (Fig. 1a). The CM basaltic laterite is ~48 m thick and
is composed of a semi-weathered zone (Zone C: 48.0-39.0 m),
a completely weathered zone (Zone B: 39.0-5.0 m), and a humic
zone (Zone A: 5.0-1.0 m) (Liu et al. 2021a). The CM basaltic lat-
erite is believed to consist of four separate protoliths. Accord-
ingly, the laterite can be subdivided into basaltic weathering
layer 1 (48.0 to 39.0 m), layer II (39.0 to 31.5 m), layer III
(31.5 to 20.0 m), and the uppermost layer IV (20.0 to 1.0 m)
(Fig. 1b) (Liu et al. 2021a). The investigated samples were col-
lected at 1.0 m intervals from the layer IV, which is inferred to
have developed from homogeneous quartz tholeiites, based on
the composition of the weathering products. The collected sam-
ples were dried at room temperature. The gathered specimens
were desiccated at ambient temperature. Subsequently, every
sample was powdered to a particle size smaller than 75 pm.

Synthetic Al-hematite samples

Al-hematite samples were prepared using the methods of
Li et al. (2016). A specific quantity of Fe(NO3)3-9H,O and
AI(NO3)3-9H,0 [with Al/(Al+4Fe) values of 0, 0.03, 0.05, 0.07,
0.09, 0.11, and 0.13] was dissolved in 500 mL of deionized water
at 90 °C, and 300 mL KOH solution (I mol L™!) and 50 mL
NaHCO3 solution (1 mol L™") were sequentially added into the
solution. The mixture was then placed in an oven and held at a
temperature of 90 °C for 96 h. Then, a specific amount of ammo-
nium oxalate was added to the mixture to eliminate the amorphous
components and impurities. The obtained samples were washed
three times with deionized water, followed by freeze-drying, grind-
ing, and storage in a desiccator. The obtained samples were
denoted as AIH-X, in which X represents Al/(Al4Fe) ratio of
the initial substance. Each AIH-X sample (10 mg) was weighed
and added to 20 mL of HCI solution (6 mol L™") and heated at
70 °C for 12 h in an oven. The obtained solutions were analyzed
using ICP-OES to determine the Al/(Al+Fe) ratio of the resulting
AlH-X products.

ANALYTICAL METHODS
X-ray diffraction (XRD)

The mineral composition and abundance analyses were performed using a
Rigaku MiniFlex-400 X-ray diffractometer at the Key Laboratory of Mineralogy
and Metallogeny of the Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences. The diffractometer is equipped with a Hybrid pixel array detector, a
Cu source, and a Ni filter. The diffractometer operated with a current of 15 mA
and a voltage of 40 kV. All samples were prepared by compacting ground powder
materials onto slides for bulk powder analysis. The XRD patterns were obtained by
scanning the sample from 3° to 70° (20) at a scanning rate of 10° per min and a step
size of 0.01°. The JADE 6.5 software was used to calculate the full-width at half
maximum (W) and intensity (I) of the given peak specified for each mineral phase.
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Major and trace element analysis

Major elements [Al,03, TFe;03 (total iron expressed as Fe203), SiO2, K»0,
Na,0, CaO, MgO, and MnO] were determined by wavelength-dispersive X-ray
fluorescence spectrometry (XRF) of fused glass beads. Approximately 0.66 g
of each combusted sample was mixed with Li;B407- LiBO; (66:34) flux contain-
ing 4% LiNO3 and fused into glass disks at 1050 °C. The abundances of major
elements in the fused glass disks were measured using a PANalytical PW2424
X-ray fluorescence spectrometer, which has an analytical accuracy and precision
of <1% for major element oxides.

The trace elements of bulk powder samples from Hainan basaltic laterite were
analyzed using a Thermo Icap Qc inductively coupled plasma-mass spectrometer
(ICP-MS). About 0.04 g of sample was digested with a mixture of HNO3-HF-
HCIO4 in a closed polytetrafluoroethylene (Teflon) beaker and heated. The
digested samples were dried and then fully redissolved with HCI for trace element
measurements using an Agilent 7900 ICP-MS. A rhodium standard solution was
used as an internal standard to calibrate the machine drift during the measurements.
External calibrations based on several United States Geological Survey and
Chinese rock and sediment standards (GSR-2, GSR-3, GSD-09, GSD-11,
SARM-4, W-2, and AGV-2) were used as reference materials for quality control.

pH value determination

Each powder sample (5.0 g) from the Hainan basaltic laterite was fully mixed
with 12.5 g of Milli-Q double deionized water (with a resistivity of 18.25 MQ cm™")
in a capped beaker for a duration of 1-3 h. The pH values of the powder samples
were determined by measuring the filtered liquid three times using a Mettler-Toledo
FiveEasy Plus pH meter at room temperature.

Scanning electron microscopy (SEM)

Three thin sections were made from hand specimen samples taken from the
laterite at depths of 14.0, 8.0, and 1.0 m for petrographic examination and mineral
identification. Each section was then placed in a vacuum carbon evaporator and
coated with a thin layer of conductive carbon. The synthetic Al-hematite samples
were first dispersed in deionized water and dispersed ultrasonically for ~30 min,
and then the sample was collected by transferring a drop of the dispersed solution
onto a conductive adhesive, which was subsequently dried in air. The samples were
examined using an Analytical Scanning Electron Microscope (TESCAN MIRA 3)
and a field emission Scanning Electron Microscope (Hitachi SU8010). The back-
scattered electron (BSE) and secondary electron images (SEI), and semiquantita-
tive chemical analyses were obtained by energy-dispersive X-ray spectrometry
(EDS). The SEM was operated at an accelerating voltage of 20 kV, maintaining
a working distance of 15-16 mm.

High-resolution transmission electron microscopy
(HRTEM)

The Al contents of hematite particles from the Hainan basaltic laterite were
determined using high-resolution transmission electron microscopy (HRTEM).
Each powdered sample was first dispersed in an ethanol solution and dispersed
ultrasonically for ~10 min. Afterward, a drop of the dispersed solution was trans-
ferred onto a porous carbon film supported by a copper grid, which was subse-
quently air-dried. HRTEM observation was performed on an FEI Talos F200S
microscope (Brno, Czech Republic) equipped with an X-ray energy-dispersive
detector at the Key Laboratory of Mineralogy and Metallogeny of the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. The instrument was
operated at an accelerating voltage of 200 kV.

Visible and near-infrared (VNIR) spectroscopy

CM laterite samples were analyzed with VNIR to assess the effect of
Al-substitution on the spectral features of hematite and provide standards for
possible comparative studies to martian data. The powdered samples were
measured using an Analytical Spectral Devices FieldSpec-3 spectrometer
equipped with a circle detector, and the spot size was ~20 mm. Laboratory
measurements were conducted in a dark room under a standard atmosphere,
and reflectance was measured relative to a white plate. Acquisitions of 100 scans
were used to yield an average spectrum for each measured spectrum to improve the
signal-to-noise ratio. The incident angle was 45°, and the emission angle was 0°.
ViewSpecPro (version 6.0) software was used to preprocess the raw spectra,
including splice correction and averaging. The position of absorption at around
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900 nm (P900) was defined by the position of the reflectance minimum between
800 and 1000 nm without continuum removal (Liu et al. 2021a).

RESULTS

Mineralogical and morphology characteristics of synthetic
Al-hematite

XRD patterns of the synthesized Al-hematite samples dis-
played a series of reflections at ~0.37 nm (24.31°20), ~0.27 nm
(33.27°26), ~0.25 nm (35.83°20), ~0.22 nm (41.11°26), ~0.18 nm
(49.77°26), ~0.17 nm (54.32°20), ~0.15 nm (62.73°26), and
~0.14 nm (64.34°20) (Fig. 2), consistent with the XRD pattern
of a-Fe,O3 (PDF#33-0664). With increasing Al content (Online
Materials' Table S1), the relative intensities (I) and full-width at
half maximum (W) of hematite reflections displayed systematic
changes (Fig. 2b). The ratio of the intensity of (110) reflection
to the intensity of (104) reflection [(I(110)/I(104)] gradually
increases from 0.81 for AIH-0 to 1.88 for AIH-13 (Fig. 3a);
whereas the ratio of the full-width at half maximum of (110) reflec-
tion to the full-width at half maximum of (104) reflection [W(110)/
W(104)] decreases from 0.74 for AIH-0 to 0.41 for AlH-13
(Fig. 3b).

The SEM and HRTEM images of synthetic Al-hematite sam-
ples are presented in Online Materials' Figures S1 and S2. For
the samples with low Al content (AIH-0 and AIH-3), the mor-
phology presents as rhombohedral in shape. With increasing
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Al content, the morphology transforms from rhombohedral to
a disk-shaped plate (AIH-7 and A1H-13), with a larger diameter
(Online Materials' Fig. S3) and a smaller thickness (Online
Materials' Fig. S4). In particular, the average diameters of
AlH-0, AIH-3, AIH-5, AIH-7, AIH-9, AIH-11, and AlH-13
are 71+13, 94+ 16, 107+13, 126 +20, 143 +29, 188+24,
and 213 +36 nm, respectively (Online Materials' Fig. S3).
The average thickness of AIH-5, AIH-7, AIH-9, AlH-11, and
AlH-13 are 1743, 16+3, 14£3, 9£2, and 5+ 1 nm, respec-
tively (Online Materials' Fig. S4). The particle thickness of
AlH-0 and AIH-3 are generally larger than 20 nm (Online
Materials' Fig. S1).

Mineral and chemical composition of the basalt layer IV

The basalt layer IV is ~20.0 m thick and can be divided into
two distinct sections. The first section, denoted as Section I,
spans a depth range of 20.0 to 10.0 m. Above Section I lies
Section II, which extends from 10.0 to 1.0 m. Samples from Sec-
tion [ have a deep reddish color and are characterized by a porous
structure. The XRD patterns of samples from Section I reveal
distinct and discernible reflections (Fig. 4). Notably, sharp
reflections at ~0.34 nm indicate the presence of quartz. Further-
more, a characteristic (001) reflection at ~0.72 nm signifies the
presence of kaolinite. Additionally, reflections at ~0.27 and
~0.25 nm correspond to the (104) and (110) crystallographic

(a) (b) (110) (b) Ficure 2.(a) XRD pat-
(104) 300 terns for synthetic Al-hematite;
012) 113, 024 (18 (3 420 (110) (b) The XRD patterns between
IH-1 (104) 31° and 39° (20) display the
: (104) and (110) diffraction
AlH-11 peaks of synthetic Al-hematite,
" derived from the shadowed
area in (a). Reference patterns:
hematite (a-FepO3), PDF#33-
AlH-9 M J\J\ 0664. (Color online.)
5
8
= AlH-7
g
2
£
) A Jl | AH-5 | Loy Ah
Mﬂ' M “A Tallaks J—w
MHJLWJ A0
PDF#33-0664 PDF#33-0664
L
I L L L I NN B
20 30 40 50 60 70 32 34 36 38
20 (degree) 26 (degree)

American Mineralogist, vol. 110, 2025



QIN ET AL.: MARTIAN AL-HEMATITE AN INDICATOR OF SHORT-TERM WATER EPISODE

795

0.8

1(110)/1(104)

W(110)/W(104)

Ficure 3. Plots of (a)
1(110)/1(104) and (b) W(110)/
W(104) vs. Al/(Al+Fe) of
synthetic Al-hematite.

0.8 ® |(110)/1(104)=64.13xX*—2.65xx+0.88 0.4 4 W(10)W(104)=-349xX~1.76xx+0.76  ®
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
Al/(Al+Fe) (mole ratio) Al/(Al+Fe) (mole ratio)

planes of hematite, respectively. The semiquantitative analyses
suggest that quartz varies in abundance between ~20 to ~50 wt%,
while the abundance of kaolinite gradually increases from
~35 wt% at20.0 m to ~59 wt% at 10.0 m (Fig. 5). The abundance
of hematite fluctuates between 10 and 20 wt% (Fig. 5). Compo-
sitionally, these samples generally contain low KO (0.01—
0.03 wt%), Na,O (0.01-0.04 wt%), CaO (0.01~0.03 wt%),
and MgO (0.12-0.55 wt%). In addition. these samples are high
in Al,O3 (23.45-26.55 wt%), TFe,03 (16.00-20.79 wt%), and
Si0; (38.19-47.43 wt%) (Online Materials' Fig. S5).

The XRD patterns of Section II samples also display distinct
reflections at ~0.34, ~0.72, ~0.27, and ~0.25 nm (Fig. 4), which
correspond to quartz, kaolinite, and hematite. Samples from
Section II exhibit a reflection in their XRD patterns at d-values
of ~0.49 nm (Fig. 4), corresponding to the (002) reflections of
gibbsite. Notably, as we ascend upwards within Section II, the
intensities of this reflection gradually increase (Fig. 4), and the
abundance of gibbsite increases from ~3 to ~20 wt% (Fig. 5).
Semiquantitative analyses reveal the abundance of quartz
fluctuates between 10 and 35 wt% throughout Section II. The
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basalt layer IV. (Color online.)

presence of quartz posed little effect on the formation and
preservation of Al-hematite, as quartz is a weathering-resistant
mineral present throughout the whole laterite. From bottom to
top, the abundance of kaolinite shows a subtle decreasing trend,
gradually declining from ~59 to ~40 wt% within this section
(Fig. 5). The abundance of hematite within Section II fluctuates,
ranging from 5 to 20 wt%. For the samples from Section II, K,O
ranges from 0.01 to 0.18 wt%, NayO ranges from 0.02 to
0.04 wt%, CaO is present in trace amounts at 0.01 wt%, and
MgO ranges from 0.14 to 0.55 wt% (Online Materials' Fig. S5).
The samples have high Al,O3 (26.26 to 29.05 wt%), TFe,03
(18.34 to 20.93 wt%), and SiO; (36.17 to 39.00 wt%) (Online
Materials' Fig. S5). Meanwhile, the pH values within the laterite
fluctuate, ranging from 4.7 to 5.3 (Fig. 5). These pH values indi-
cate a slightly acidic environment within the laterite.

The quartz observed in Sections I and II are likely primary
phenocrysts of the protolith. The angular shape of these quartz
particles suggests that they were not likely involved in reactions
with ambient solutions during the weathering of basalt layer IV,
probably due to the insolubility of quartz under near-neutral
to acidic conditions (McLennan 2003). In addition, bulk SiO,
content gradually decreases upwards in the laterite (Online
Materials! Fig. S5), suggesting the silica released by other
weathered silicate minerals was readily leached away. Thereby,
the soluble silica was not likely precipitated as secondary quartz
and, therefore, did not affect the formation of Al-hematite.

The evaluation of weathering intensities within the laterite
relies upon two indices: the “chemical index of alteration” (CIA)
and the “index of lateralization” (IOL). These indices use the
major element concentrations of whole-rock samples from
various depths within the laterite. The CIA is calculated
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as CIA = AlL,03/[ALO3 + K70 + NayO + CaO] x 100 (molar
proportions were used according to the definition) (Nesbitt
and Young 1982) and the IOL is determined by IOL = (A1,03
+ TFe;03)/(Aly03 + TFe;03 + SiO7) X 100 (mass proportions
were used according to the definition) (Babechuk et al. 2014).
Overall, samples from the laterite have CIA values above 99,
indicating a highly weathered zone (Fig. 6). All samples have
CIA values exceeding 99%, making it challenging to differenti-
ate the degree of alteration. Therefore, we used the IOL to
measure the weathering intensity in this work. IOL gradually
increases upward in the regolith, ranging from 30 to 40 (Fig. 6),
indicating a gradually enhanced chemical weathering.

Distributions of bulk-rock Mn and Ce in the profile

Both Mn and Ce are sensitive to the redox state of water envir-
onments (Ma et al. 2007; Lanza et al. 2016). Therefore, the dis-
tributions of MnO and Ce contents can indicate changes in the
redox conditions within the laterite (Koppi et al. 1996; Lanza et al.
2016; Li et al. 2023), which has been linked to the location of the
groundwater table (Huang et al. 2021; Peiffer et al. 2021). The Ce
anomaly, expressed as dCe = Cen/(Lan % PrN)l/ 2 (Ichimura et al.
2020), serves as a valuable tool in distinguishing the redox behav-
ior of Ce relative to its neighboring rare earth elements. This
anomaly acts as a fingerprint, allowing us to differentiate between
oxic (oxidizing) and anoxic (reducing) conditions (Liu et al. 2019;
Ichimura et al. 2020; Wilmeth et al. 2022; Li et al. 2023). Values
<1 and >1 represent “negative” and “positive” dCe, respectively.
In general, consistently positive dCe points to generally oxic con-
ditions, whereas negative 8Ce denotes more anoxic conditions
(Zhao et al. 2023).
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The MnO content decreases gradually from 0.19 wt% at a
depth 0f 20.0 m to 0.09 wt% at a depth of 10.0 m. The MnO con-
tent then gradually increases upward, reaching 0.12 wt% at the
surface of the laterite (Fig. 6). Notably, the Ce concentration grad-
ually decreases upward from ~55.7 parts per million (ppm) at a
depth 0f20.0 m to ~11.2 ppm at 10.0 m. This observed decrease
in Ce concentration indicates a progressive depletion of Ce within
Section II of the profile. In contrast to Section II, the Section I
samples exhibit gradually increasing Ce concentrations within
this interval, from ~11.2 to ~79.7 ppm (Fig. 6). In all, the distri-
butions of MnO and Ce exhibit similar variation trends (Fig. 6;
Online Materials' Fig. S6). It is worth noting that the 8Ce within
the laterite exhibits distinct patterns above and below 10.0 m
(Fig. 6). Above this boundary, the 8Ce values are generally
>1.5, ranging from 1.5 to 3.7. Conversely, below the boundary,
the 5Ce are generally <1.5, ranging from 0.4 to 1.5 (Fig. 6).

Morphological and crystallographic characteristics of (Al-)
hematite

The samples from depths of 1.0, 8.0, and 14.0 m were ana-
lyzed using SEM (Fig. 7) and HRTEM (Fig. 8). The SEM images
revealed that the hematite grains in the samples from 14.0 m
depth were widely distributed and appeared mottled and bright
(Figs. 7a—7c). Additionally, the hematite grains were found near
the edges of the kaolinite grains (Fig. 7a), and the morphology of
the hematite grains is rhombohedral (e.g., Fig. 7b, yellow arrow).
Furthermore, the phenocrysts (e.g., pyroxene) within the basalt
have completely weathered into hematite, as evidenced by its
skeletal texture (Fig. 7c). According to the TEM-EDS results,
local areas of the samples from 14.0 m were enriched in Fe, while

Al and Si are relatively low (Fig. 8a). The fast Fourier transform
(FFT) pattern obtained from the local areas (Figs. 8b—8c) confirms
that the iron oxides present are hematite. The Si:Al ratio of kao-
linite is close to 1:1, and the calculated mole ratio of Al/(Al+Fe)
for hematite can be as low as ~0.02 (Fig. 8d).

The SEM images reveal that the hematite in samples from
8.0 m depth (Figs. 7d-7f) exhibits disk-shaped plate morpholo-
gies (e.g., Fig. 7e, yellow arrow), which are notably different
from the samples taken at a depth of 14.0 m (e.g., Fig. 7b, yellow
arrow). Based on the TEM-EDS results, local areas appear to
exhibit enrichment of Fe and Al, while Si is lower (Fig. 8e). Fur-
thermore, hematite particles were identified in the Fe-Al-rich
and Si-poor areas through HRTEM and FFT pattern analysis
(Figs. 8f-8g). The hematite has a relatively high Al content, with
a calculated Al/(Al+Fe) ratio of ~0.17 (Fig. 8h).

The SEM images of the samples taken at a depth of 1.0 m
(Figs. 7g—71) revealed the morphologies of hematite are rhombo-
hedral (e.g., Fig. 7h, yellow arrow), similar to the hematite found at
14.0 m (e.g., Fig. 7b, yellow arrow). According to the TEM-EDS
results, Fe is enriched in local areas, where Al and Si are relatively
low (Fig. 8i). Hematite particles were identified in the Fe-rich,
Al-Sipoor areas using HRTEM and FFT pattern analysis
(Figs. 8—8Kk). The calculated Al/(Al4Fe) mole ratio for the 1.0 m
sample is ~0.01 (Fig. 81). The Al content of hematite in the 1.0 m
sample is lower than that of the 8.0 m sample but similar to that of
the 14.0 m sample (Fig. 8).

The XRD patterns of all samples reveal a distinct array of
characteristic reflections of the (104) at d-values of ~0.27 nm
and reflections of the (110) at ~0.25 nm, respectively (Fig. 4b).
The ratio of W(110) to W(104), denoted as W(110)/W(104),
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gradually increases from a depth of 10.0 m upwards to 1.0 m, but
does not display any significant changes within the 20.0 to
10.0 m interval (Fig. 9). The ratio of I(110) to I(104), denoted
as 1(110)/1(104), decreases gradually within the 10.0 to 1.0 m
depth interval of the profile. However, within the 20.0 to 10.0 m
interval, the W(110) to W(104) and the I1(110)/I(104) ratios
remain relatively constant (Fig. 9). Furthermore, a negative
correlation is observed between the W(110)/W(104) and
I(110)/1(104) ratios (Fig. 10a, R?=0.53).

VNIR spectral features of (Al-)hematite

The VNIR spectra exhibit an absorption band at ~900 nm
(Fig. 11), corresponding to the electron transitions of Fe’t
(6A1 — 4T1) in Fe-oxides, specifically hematite and goethite
(Townsend 1987). Within the laterite, the position of absorption
at ~900 nm (P900) was observed to be ~860 nm in the 20.0—
10.0 m range (Figs. 11b and 9) and ~950 nm for the 10.0-1.0 m
range and demonstrated a gradual decrease (Figs. 11b and 9). Fur-
thermore, there was a positive correlation between P900 and the
I(110)/1(104) ratio (Fig. 10b, R>=0.54).

Discussion

Effects of Al substitution on the morphology and
crystallographic features of hematite

The substitution of Al has been observed to promote the aniso-
tropic growth of hematite, resulting in noticeable changes in its
morphology (Barron et al. 1984; Jiang et al. 2012, 2022; Li et al.
2016). In particular, highly substituted hematite particles have ~3

American Mineralogist, vol. 110, 2025

FiGure 7. Scanning elec-
tron microscopy images of pri-
mary and supergene minerals
of samples from 14.0 m (a—c),
8.0 m (d—f), and 1.0 m (g—i)
in the laterite. The dark, angular
grains are quartz (Qtz), the dark
interstitial phases are kaolinite
(KIn) and gibbsite (Gib), and
the lath-shaped, bright grains
are ilmenite (Ilm) and mottled
hematite (Hem). Mottled,
bright hematite grains are
widely distributed in the sam-
ples and near the kaolinite
grains’ edge or in the fracture-
filling of quartz particles.
(Color online.)

times larger platelets than non-substituted hematite, while their
thickness can decrease by ~25% (Barron et al. 1984; Jiang et al.
2022). The synthetic Al-hematite morphologies change from rhom-
bohedral to disk-shaped plates (Online Materials' Figs. S1-S2),
with larger diameters but smaller platelet thickness as Al substitu-
tion increases (Online Materials' Figs. S3-S4).

The anisotropic growth of hematite is characterized by the
(104) and (110) reflections in their XRD patterns (Schwertmann
et al. 1979; Barron et al. 1984; Jiang et al. 2012; Li et al. 2016).
W(110)/W(104) serves as an indicator of the thickness/diameter
ratio of hematite crystals (Schwertmann et al. 1979; Barron et al.
1984; Jiang et al. 2012). With increasing Al content in the syn-
thetic Al-hematite, the 1(110)/I(104) ratio increases (Fig. 3a),
while W(110)/W(104) decreases (Fig. 3b). Mathematically, a
polynomial fit of the relative intensity of the (110) and (104)
peaks [I(110)/1(104)] displays a quadratic form as I(110)/1(104)
=64.13 x x> 2.65 x x + 0.88 (R?=0.85). The W(110)/W(104)
as a function of the Al concentration was fitted via a polynomial
relationship W(110)/W(104)=-3.49 x x> — 1.76xx+0.76
(R?=0.75). Accordingly, the Al content of natural hematite
can be quantified by analyzing the ratios of 1(110)/1(104) and
W(110)/W(104).

Al content of hematite in Hainan basaltic laterite

In the Hainan basaltic laterite, the W(110)/W(104) ratio
gradually increases from 10.0 to 1.0 m (Fig. 9), indicating that
a gradual increase in the thickness/diameter of hematite and a cor-
responding decrease in the Al content of hematite. Additionally,
the 1(110)/1(104) ratio gradually decreases upward (Fig. 9),
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crystal hematite, as confirmed by the inset FFT patterns. (h) The corresponding EDS spectrum of the selected area in (e) reveals that the Al/(Al+Fe)
mole ratio for the hematite is ~0.17. (i) EDS mapping and (j) HAADF-STEM images of samples in 1.0 m. (k) The corresponding HRTEM image of
the selected area (yellow rectangular) in (j) shows a single crystal hematite, as confirmed by the inset FFT patterns. (1) The corresponding EDS
spectrum of the selected area in (i) reveals that the Al/(Al4-Fe) mole ratio for the hematite is ~0.02. (Color online.)
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indicating a gradual transformation of hematite’s crystal morphol-
ogy to rhombohedral (Li et al. 2016). This transformation coin-
cides with a decrease in the Al content of hematite, similar to
what is observed in our synthetic hematite (Fig. 3a). The SEM
and HRTEM analyses (Figs. 7-8) indicate that the hematite
morphologies gradually change from disk-shaped plates (e.g.,
Fig. 7e) to rhombohedral shapes (e.g., Fig. 7h) as the Al content
decreases. This phenomenon aligns with the findings from syn-
thetic Al-hematite (Online Materials' Figs. S1 and S2), indicating
that Al substitution is likely the main factor contributing to the
formation of plate-like hematite in soils (Liu and Osseo-Asare
2000; Li et al. 2016).

However, the I(110)/I(104) and W(110)/W(104) ratios of the
Section I samples are consistent with each other and resemble
those of the 1.0 m samples (Fig. 9). This suggests that the hema-
tite morphologies of the Section I samples remain unchanged
and similar to the samples at a depth of 1.0 m (Barron et al.

American Mineralogist, vol. 110, 2025

15 2.0
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1984; Li et al. 2016). Indeed, the SEM images reveal that the
hematite morphologies in the Section I samples exhibit rhombo-
hedral shapes (Fig. 7b), similar to those observed in the 1.0 m
samples (Fig. 7h). This rhombohedral morphology is consistent
with Al-poor hematite (Schwertmann et al. 1979; Barron et al.
1984; Li et al. 2016), as well as our synthetic Al-poor hematite
(Online Materials' Fig. S1, AIH-0 and AIH-3). These findings
suggest that the hematite within Section I has a lower Al content,
as is supported by the observation that the hematite at both 14.0
and 1.0 m depth has Al/(Al+4Fe) as low as ~0.02 (Fig. 8d) and
~0.01 (Fig. 8I).

Based on our synthetic Al-hematite (Fig. 3), the variations
in the W(110)/W(104) and I(110)/I(104) ratios of hematite
within basalt layer IV in Hainan basaltic laterite (Fig. 9) indicate
a gradual decrease in Al content from 10.0 to 1.0 m. However,
within the range of 20.0-10.0 m, the Al content remains stable
and low. The negative correlation between 1(110)/1(104) and
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W(110)/W(104) (Fig. 10a, R?=0.53) provides further support
for this conclusion.

Hydrologic conditions throughout the basaltic laterite

Understanding the hydrologic condition is crucial for compre-
hending and identifying the hydrologic factors that contribute to
the formation and preservation of Al-hematite. Since the recent
development of geological structures such as faults can disturb
the preexisting hydrological system (Gao et al. 2018; Long et al.
2019), borehole observations may not provide accurate informa-
tion about the hydrologic conditions at the time of the formation of
a laterite (Jaunat et al. 2016). The present study suggests that geo-
chemical and mineralogical indicators, such as the distribution of
Mn and Ce, as well as the presence of gibbsite, can provide more
reliable information for identifying the location of the groundwa-
ter table, assessing water flow rate, and exploring their connection
with the formation and preservation of Al-hematite.

Proxies for groundwater table in the basaltic laterite.
Ce’* and Mn”* ions are soluble in reduced environments but
become insoluble when they are oxidized to Ce** and Mn**#+ in
oxygen-rich environments (Ma et al. 2007; Abellan etal. 2017; Liu
etal. 2019; Li et al. 2023). Hence, the distribution patterns of Mn
and Ce in the laterite offer reliable indicators of the redox states
(Lanza et al. 2014, 2016; Noda et al. 2019; Ichimura et al.

2020; Wilmeth et al. 2022), which relate to the location of the
groundwater table (McQueen and Scott 2009; Huang et al. 2021).

In the laterite, the content of MnO and Ce progressively
decreases from 20.0 to 10.0 m (Fig. 6), suggesting that Mn and
Ce within the 20.0-10.0 m profile were leached downward as
Mn?* and Ce** in solution under relatively reducing conditions.
Correspondingly, below the depth of 10.0 m, 8Ce generally
remains below 1.5 (8Ce = 0.4-1.5) (Fig. 6), denoting more reduc-
ing conditions. In the upper part of the profile, above 10.0 m,
Mn and Ce instead undergo oxidation to become insoluble as
Mn3+4+ and Ce** (CeO,) in the relatively oxygen-rich environ-
ment (Fig. 6). In that interval, the 8Ce value is >1.5 (8Ce=
1.5-3.7) (Fig. 6). These observations suggest a significant shift
in the oxic and anoxic environments at the depth of 10.0 m
(Ichimura et al. 2020; Huang et al. 2021; Wilmeth et al. 2022).

Alternating oxidizing and reducing conditions can occur
through hydrological perturbations at hydrological interfaces, par-
ticularly in response to groundwater table fluctuations (McQueen
and Scott 2009; Peiffer et al. 2021). The regolith is divided into
two distinct zones, namely the vadose zone and the saturated
zone, by the groundwater table (Huang et al. 2021). The vadose
zone typically extends from the soil surface to the groundwater
table. Above the groundwater table, gases (including oxygen from
the atmosphere) have greater access to the regolith via voids and
fractures, and conditions are typically more oxidizing (McQueen
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and Scott 2009; Holden and Fierer 2005). Therefore, vadose
zones generally exhibit relatively high oxygen partial pressure
(pO1 of 2.13 x 10 ~1.52 x 10* Pa) (Abellan et al. 2017). In con-
trast, the saturated zone, which lies beneath the groundwater table,
is an unconfined aquifer. It primarily contains dissolved oxygen,
with a low pO; of ~2 x 107 Pa (Holden and Fierer 2005). As a
result, the pronounced shift in the oxic and anoxic environments at
the depth of 10.0 m (Fig. 6) can be attributed to the position of the
groundwater table. This division separates the profile into rela-
tively oxidizing environments in the vadose zone (10.0-1.0 m)
and more reducing environments in the saturated zone (20.0—
10.0 m) (Fig. 6).

Distinctive hydrologic conditions in the basaltic laterite.
Orbital spectroscopy, along with a-particle X-ray spectroscopy
data collected from landing sites, has provided evidence that
strongly supports the fundamentally igneous and basaltic compo-
sition of the upper crust on Mars. Further, plagioclase and pyrox-
ene are the dominant minerals of martian basalt (Bandfield et al.
2004), a composition that resembles the observed mineral compo-
sition on Hainan Island. It is, therefore, likely that the alteration of
pyroxene and feldspar leads to the dissolution of Fe, Al, and Si
into the solution, ultimately allowing the formation of secondary
minerals such as Fe-oxides and Al-rich kaolinite. Specifically, it
is hypothesized that martian hematite is formed through in situ
weathering of precursor silicate materials under oxidizing condi-
tions (Fraeman et al. 2013). Such a scenario aligns with the for-
mation process of hematite observed in Hainan Island (Fig. 7c).
Considering the insolubility of quartz under near-neutral to acidic
conditions (McLennan 2003), the presence or absence of quartz
has minimal direct influence on the transformation of precursor
silicate materials into hematite. Therefore, the formation process
of hematite observed in Hainan Island can serve as an analog for
understanding the development of hematite on the mafic to ultra-
mafic crust of Mars. The apparent scarcity of abundant quartz in
martian weathering settings may be attributed to various causes,
including different initial lithologies (with more quartz in terres-
trial equivalents), and the inability of orbital spectroscopy to
detect quartz directly (Wray et al. 2013).

The CIA values of all samples exceed 99 (Fig. 6), suggesting
a high level of weathering (Mohanty et al. 2016). During the
weathering of basalt, the alteration of mafic phenocrysts, such
as pyroxene, results in the release of Fe and Si into the solution.
Additionally, the alteration of felsic glassy substance and feldspar
releases Al and Si. These reactions are involved in the creation of
(Al-)hematite, kaolinite, and gibbsite (Fig. 5). Nevertheless, gibb-
site is solely present in the vadose zone and completely absent in
the saturated zone (Fig. 5). Previous studies have indicated that
the precipitation of gibbsite from dissolved K-feldspar and kao-
linite only happens when the concentration of total dissolved
silica decreases to levels below 107 and 1074 mol- L™, respec-
tively (Gardner 1970, 1972). According to the equivalent porous
media model proposed by Jaunat et al. (2016), the permeability of
the saturated zone is roughly 100 times lower than that of the
vadose zone. Hence, the presence of gibbsite in the vadose zone
(Fig. 5) suggests that the dissolved silica can be readily leached
away by infiltrating water. In contrast, the formation of gibbsite
was impeded in the saturated zone (Fig. 5), suggesting that the
removal of dissolved silica was not as efficient. Consequently,
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water in the vadose zone exhibits a relatively high flow rate, while
water in the saturated zone has a comparatively low flow rate
(McQueen and Scott 2009).

Heterogeneous distribution of (Al-)hematite controlled by
hydrologic conditions

The distribution of (Al-)hematite may be influenced by factors
such as mineral compositions, pH levels, and the intensity of
weathering. Nevertheless, there is a poor correlation between
[(110)/I(104) and pH (Fig. 12a, R*=0.12), Al/(Al+Fe) of
whole-rock samples (Fig. 12b, R*=0.16), CIA (Fig. 12c,
R?=0.11), and the quantity of kaolinite (Fig. 12d, R> =0.27). This
observation suggests that these parameters may not account for the
variations in the Al content of hematite (Fig. 9). In addition, the
temperature remains approximately constant above 20 m in laterite
(Mao et al. 2023), indicating that temperature has a limited effect
on the Al content of hematite in laterite. It is intriguing to note that
there is a correlation between the inferred groundwater table and
the fluctuation in hematite Al content (Fig. 9). This suggests that
the hydrologic circumstances play a key role in the creation and
preservation of Al-hematite.

Favorable environment for formation of (Al-)hematite.
The water in the saturated zone maintains a consistent state with
a comparatively sluggish rate of movement (McQueen and Scott
2009; Gleeson et al. 2016; Arora et al. 2019). The relatively
reduced flow rate hinders the process of Sitt leaching from the
laterite. Consequently, A and Si** tend to co-precipitate, result-
ing in the formation of Al, Si-rich phases like kaolinite (Fig. 4).
This causes the residual solids to have a lower concentration of
APY, resulting in the absence of Al-rich, Si-poor phases, such
as gibbsite [AI(OH)3] (Fig. 4). Similarly, the more sluggish move-
ment of water in the saturated zone also obstructs the transportation
of Fe?* from the dissolved phenocrysts of pyroxene. This leads to
the in situ oxidation of Fe?" and the formation of hematite as a
pseudomorph (Fig. 7c). During this process, the low concentration
of AP in the residual solids results in hematite with a low AT
content (Figs. 8a—8d). Consequently, the aerobic weathering of
basalt in a stable water environment with a relatively slower flow
rate facilitates the formation of Al-poor hematite (Figs. 13d—13e).

In contrast, the vadose zone would be transiently filled with
relatively oxidized percolated meteoric water but tends to become
dry due to the relatively high flow rate of water in the vadose zone
(McQueen and Scott 2009; Jaunat et al. 2016). The high water
flux in the vadose zone results in substantial leaching of Si**
due to its higher mobility relative to AI>*, making the residual
solids enriched in A’* but depleted in Si** as weathering pro-
gresses. This is further confirmed by the occurrence of Al-rich
phases, such as gibbsite AI(OH); (Fig. 4). The relatively higher
water flow rate in the vadose zone also promoted the leaching
of Fe’* from the phenocrysts. The Fe?* that enters the ambient
solution can subsequently undergo oxidation through the reaction
with oxygen and precipitate as hematite. The crystallization of
hematite from Fe>* was increased by the alternating wet and dry
conditions in the vadose zone (Buggle et al. 2014; Zhao et al.
2017). The fast crystallization process is thermodynamically
advantageous (Wang and Xu 2001; Yang et al. 2022) for the
incorporation of AI’* into the structure of hematite. Conse-
quently, the AP’ tended to co-precipitate with Fe>* and form
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uniformly dispersed Al-hematite within the vadose zone
(Figs. 8e—8h). In summary, a water environment characterized
by a high flow rate and alternating wet and dry regime is favorable
for the formation of Al-rich hematite (Figs. 13a—13c).

Favorable environment for preservation of Al-hematite.
In the vadose zone of the laterite, the Al content in the hematite
dropped progressively toward the upper layers (Fig. 9), leading
to the development of Al-poor hematite at the surface (Fig. 8).
Usually, the meteoric water that seeps into the topsoil can be
held in place by capillary forces, thereby creating a zone that is
abundant in “soil water.” The existence of “soil water” might
account for the transformation of Al-rich hematite into Al-poor
hematite (Figs. 13f-13g).

Al is not compatible with the crystal structure of hematite
(a-Fe3703), which results in the relatively low crystallinity of
Al-hematite (Morris et al. 1992; Jiang et al. 2022). In general,
incompatible elements tend to gradually migrate out of the crystal
lattice of host minerals during the process of re-crystallization.
This migration serves to reduce the Gibbs free energy inside
the mineral system (Yang et al. 2022). Importantly, water flow
has a crucial role in directing the recrystallization process of
poorly crystallized minerals (Tosca and Knoll 2009). Thus, the
existence of ““soil water” plays a crucial role in driving the recrys-
tallization of Al-rich hematite, leading to the formation of Al-poor
hematite at the topsoil. This observation suggests that the preser-
vation of Al-rich hematite is largely dependent on the limited
duration of water presence (Figs. 13f-13g).

VNIR spectroscopic features of (Al-)hematite as indicators
of hydrologic environment on Mars

VNIR spectroscopy is a commonly used technique to detect
and analyze the mineralogy of Mars (Cuadros et al. 2016; Jeute

et al. 2021; Pineau et al. 2022). The features observed between
850-950 nm are primarily attributed to the electron transitions of
Fe’T in Fe oxides, such as hematite and goethite (Bell et al.
1990; Cudahy and Ramanaidou 1997; Cuadros et al. 2020). The
variation of P900 (Fig. 11b) depends on the Al content of hema-
tite and/or the relative concentrations of hematite and goethite in
the samples (Morris et al. 1992; Cudahy and Ramanaidou 1997;
Liu et al. 2021a).

Goethite generally forms in persistently moist environments
via direct precipitation from solution (Zhao et al. 2017). Our
results demonstrate that such a scenario is unfavorable for the
formation of Al-rich hematite (Fig. 9 and 13). Therefore, the abun-
dant coexistence of goethite and Al-hematite should be quite
unlikely on Mars. In addition, the VNIR spectrum of goethite
includes Fe’t bands near 640-730 nm, while hematite shows
minimal absorption at ~700 nm (Online Materials' Fig. S9).
Accordingly, these spectral features near 640—730 nm can be used
to ascertain the presence of goethite on the surface of Mars. In this
scenario, the VNIR spectra collected from locations with a high
goethite abundance should exhibit evident absorption near 640—
730 nm. Additionally, only Al-poor hematite could be present in
these locations.

In contrast, the extent of P900s fluctuation is mostly deter-
mined by the Al content of hematite, rather than the quantity of
goethite, in cases when the absorption band near 640-730 nm
is absent. For example, the XRD (Fig. 4) and TG (Online Materi-
als! Fig. S7-S8) analyses indicate the absence of goethite in the
investigated laterite. Therefore, analyses from this study suggest
that the shift in P900 could mostly be ascribed to variations in
the Al content of hematite. The positive correlations between
P900 and 1(110)/I(104) (Fig. 10b, R? = 0.54) show that P900 shifts
toward longer wavelengths as the Al content of hematite increases,
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the results reported by Morris et al. (1992). Therefore, P900 can
effectively determine the Al content of martian hematite.

IMPLICATIONS

Hematite (a-Fe303) is the dominant pigment mineral that
adorns the surface of Mars, earning the planet its iconic nick-
name, the “Red Planet” (Bell et al. 1990; Fraeman et al. 2013;
Rampe et al. 2020). In the context of Mars discoveries, it has
been reported that nanophase, red crystalline, gray crystalline,
and Al-rich hematite occurred in certain areas of the martian sur-
face (Morris et al. 1989, 1992; Christensen et al. 2001; Fraeman
et al. 2013; Rampe et al. 2020). Previous studies have ascribed
the formation of nanophase, red crystalline, and gray crystalline
hematite to factors like pH, temperature, and the duration of
water present (Bell et al. 1993; Catling and Moore 2003; Barron
et al. 2006; Madden et al. 2010; Rampe et al. 2020). Moreover,
this study suggests that the substitution of Al can have a signifi-
cant effect on the mineralogical characteristics of hematite. It can
also serve as an indicator of the moisture conditions associated
with climate variations on Mars.

Thorough investigations of the characteristics of terrestrial
hematite are necessary to establish a basis for understanding
hematite found on Mars (Jiang et al. 2022) since sample return
from Mars is a long way into the future (Papike et al. 2007). The
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widespread presence of Al-rich clay minerals (e.g., kaolinite) in
the thick weathering profiles (generally 50-60 m) in ancient
martian terrains (Gaudin et al. 2011; Bishop et al. 2018; Ye
and Michalski 2022) suggests that advanced weathering proba-
bly emerged on Mars. Given the presence of hematite in the thick
chemical weathering profiles at the Mawrth Vallis (Liu et al.
2021b) and Al-rich hematite possibly occurring in less weath-
ered basalt (CIA value is about 58) at Gale crater (Rampe et al.
2020; Frydenvang et al. 2020), the effects of hydrologic regime
on the formation and preservation of Al-hematite in the investi-
gated basaltic laterite (Fig. 13) can serve as systematic analogs to
explore the characteristics and genesis of hematite of martian
rock with different levels of chemical weathering at different
geographical sites.

This study suggests that an alternating wet and dry regime
with a high leaching rate of Si is favorable for the formation
of Al-rich hematite. Accordingly, the formation of Al-hematite
in some martian outcrops could serve as an effective mineralog-
ical proxy for the transient presence of percolating water. In con-
trast, prolonged chemical interactions between “soil water” and
Al-hematite tend to transform Al-rich hematite to Al-poor hema-
tite via re-crystallization. Therefore, Al-hematite could only
occur on the martian surface with short-term presence of liquid
water, such as episodic floods (Manga 2004) and intense precip-
itation (Craddock and Lorenz 2017).
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The presence of transient liquid water with high flow rates is
possibly responsible for the formation of alluvial fans, valley net-
works, and dendritic channels in the Libya Montes region,
together with the absence of phyllosilicates (Bishop et al. 2013,
2018; Wordsworth 2016). Additionally, the presence of transient
liquid water also suggests that Mars may have experienced brief
periods of warmer and wetter environment in its early history,
possibly due to impacts (Segura et al. 2002, 2012; Pan et al.
2023), volcanism (Wordsworth 2016), or seasonal effects (Ojha
et al. 2020). Importantly, the occurrence of Al-rich hematite can
be assessed using VNIR, a technique available onboard many
Mars missions. Using VNIR to detect the potential presence of
Al-rich hematite on Mars is important for advancing the investi-
gation of the hydrological conditions on the planet.
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