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ABSTRACT

Clayminerals are common inmartian geological units and are globally widespread on Earth. Under-
standing the origin, formation, and alteration of clay minerals is crucial for unraveling past environ-
mental conditions on Earth and Mars, in which the composition and crystallinity of clay minerals
serve as important surrogate indicators for addressing these issues. Here, 621 soil and sediment samples
from five chronosequences representing different climatic zones of China were investigated using visi-
ble to near-infrared reflectance (VNIR) in combination with X-ray diffraction (XRD) analysis. The
crystallinity of clay minerals (i.e., illite crystallinity, illite chemistry index, kaolinite crystallinity)
and clay mineral alteration index (CMAI) were analyzed with conventional methods and then predicted
through a spectral modeling approach. Our results show that kaolinite with a pedogenic or sedimentary
origin is characterized by a broad crystallinity range and a poorly ordered structure, especially when
generated in an intense weathering environment. Predictive models were constructed with data-mining
methods, including partial least-squares regression (PLSR), random forest (RF), and Cubist algorithms.
The predictive performance of the crystallinity and CMAI proxies is robust, with an overall accuracy of
78% and a residual prediction deviation (RPD) of 2.57. We also found that the model’s accuracy in
predicting clay-mineral-related proxies increased by 45% using random forest (RF) and Cubist com-
pared to the PLSRmodels. We suggest that VNIR spectroscopy combined with RF and Cubist methods
has the potential to be an alternative and broadly applicable tool for analyzing typical clay-mineral
proxies, substituting for a series of commonmineralogic analyses. Spectral modeling can reveal genetic
and climatic information at both field and regional scales, which has profound implications for Mars
missions and other space exploration programs.
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INTRODUCTION

Clay minerals are generally hydrous (i.e., OH- or H2O-bear-
ing) phyllosilicateswidely distributed in soils, sediments, and sed-
imentary rocks. They are products of the chemical alteration of
silicate minerals or precipitates from dissolved ions in fluids, serv-
ing as crucial carriers in recording changes in the Earth’s climate
and the evolution of depositional systems through time (Church-
man and Lowe 2012; Weil and Brady 2017; Zadvernyuk et al.
2021; Warr 2022). Furthermore, the presence of clay minerals,
especially Fe/Mg-smectite, has been widely detected on the sur-
face of Mars through orbital remote sensing observations (Bishop
et al. 2008a; Ehlmann et al. 2011; Cuadros et al. 2019). On that
planet, they are found mainly in rocks of Noachian to early Hes-
perian ages, sometimes reflecting aqueous activity and environ-
mental conditions (Mustard et al. 2008; Ehlmann et al. 2011;
Liu et al. 2021). The occurrence of these aluminum-rich clays

suggests that hydrothermal and/or weathering processes have
played a role in shaping the martian surface (Ehlmann et al.
2011; van der Meer et al. 2012). Understanding the formation
and transformation process of clay minerals is essential for unra-
veling the environmental conditions that prevailed on early Mars.
Furthermore, the origin and evolution of clay minerals have
always been a popular and significant topic of exploration, as
the interactions between water and rocks, along with hydrother-
mal processes, typically accompany the formation of specific clay
minerals (Galán and Ferrell 2013; Dill 2016).

As commonly acknowledged, the composition and relative
abundances of clay minerals are crucial parameters for interpret-
ing climate changes, evolution of depositional environments,
and hydrothermal alteration processes (Chamley 1989; Velde
and Meunier 2008). Specifically, the crystallinity of clay miner-
als is a significant indicator of these processes, providing valu-
able insights into the mechanism and environment of their origin
(e.g., Warr and Cox 2016; Zadvernyuk et al. 2021; Hueck et al.
2022). For example, kaolinite crystallinity can serve as an
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