
1. Introduction
Explosive volcanism is an important geologic process in the Solar System but remains widely underappre-
ciated because it does not produce well defined, mappable lava flows as effusive vents do. But, there are a 
growing number of studies showing that explosive volcanism likely dominated early episodes of the geologic 
history of multiple planets (e.g., Bandfield et al., 2013; Gustafson et al., 2012; Kremer et al., 2019; Michalski 
& Bleacher, 2013; Rogers et al., 2018; Thomas et al., 2014). Violent eruptions would have likely released large 
quantities of H2O, SOx, CO2, CH4, and H2, and would have resulted in the airfall deposition of vast amounts 
of fine-grained volcaniclastic materials. Those volcaniclastic materials might have been reworked by wind 
and water, and would have remained an appreciable fraction of the clastic component of sedimentary rocks 
on Mars. The erupted greenhouse gasses would have had significant impacts on the early climate (Halevy & 
Head, 2014; Halevy et al., 2007; Robock, 2000). The interaction between water and these highly chemically 
reactive glassy fragments could have been common in Mars’ early history (Wilson & Head, 1994). In fact, there 
might have been a coupling between eruption of gases and ash, climate triggers, and aqueous chemical weath-
ering resulting in the widespread occurrence of smectitic clay on Mars (Carter et al., 2013, 2015).

Theoretical studies suggest that basaltic volcanism would have been much more explosive on Mars than it 
is on Earth, primarily due to the lower gravity and lower crustal pressures on Mars (Wilson & Head, 1994). 
Indeed, extensive layered, easily eroded, and seemingly fine-grained deposits are found throughout ancient 
terrains (e.g., the Arabia mantling deposits, Hellas basin floor deposits, the Medusae Fossae Formation, the 
south polar pitted deposits, the Electris deposits in/around Eridania Basin, and the Argyre basin deposits), 
which have been suggested by some as potential ash deposits (Grant & Schultz, 1990; Kerber et al., 2012; 
Moore, 1990). There is little doubt that explosive volcanoes and their associated pyroclastic deposits should 
have played an important role in shaping the surface of Mars and contributing to the global sedimentary 
record.

Abstract Compositional stratigraphy, generally composed of Al-rich clay minerals overlying Fe/
Mg-rich clay minerals, is observed in many locations on Mars. Here we describe the occurrence of such 
mineralogical stratigraphy in settings where the protoliths are almost certainly pyroclastic materials. 
One such example includes altered rocks high on the summit and flanks of explosive volcanoes in 
Thaumasia Planum. These clay-bearing deposits are most consistent with precipitation-driven weathering 
of ash deposits. Considering explosive volcanism was pervasive in the Noachian, the early sedimentary 
record of Mars in some locations is likely dominated by glassy, fragmented, porous, chemically reactive 
materials with highly specific surface area. These pyroclastic deposits were potentially a critical geological 
component linking clay minerals to elements of Mars’ climate, weathering, and sedimentary puzzle.

Plain Language Summary On Earth, basaltic volcanoes are not extremely explosive but 
on Mars, similar mafic volcanism would have been much more explosive due to lower crustal and 
atmospheric pressures. Volcanic ash should therefore be extremely widespread on the red planet. In 
this work, we show a link between the observed clay minerals seen from orbit via visible/near-infrared 
spectroscopy and a geologic context within ash deposits formed from explosive volcanism. We suggest that 
the weathering of highly chemically reactive ash deposits can explain the origin of many layered clay-
bearing deposits on Mars. Volcanism may have produced ash deposits and driven climate excursions that 
led to weathering of the ash under somewhat warmer or wetter conditions.
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In this study, we explore the issue of compositional stratigraphy on Mars. It is widely recognized that, in 
many locations on Mars, Al-rich clay minerals stratigraphically overlie Fe/Mg clay minerals (e.g., Carter 
et al., 2015). Multiple models exist to explain this observation, but there is a debate with regard to the role 
of top-down alteration, rainfall versus groundwater, and links to valley networks (J. L. Bishop et al., 2008; 
Dobrea et al., 2010; Ehlmann et al., 2011; Gaudin et al., 2011). Here we present new evidence that this 
compositional stratigraphy on Mars formed (1) very early in Mars’ history, (2) through top-down alteration 
driven by precipitation, and (3) within highly chemically reactive volcanic ash. We describe in detail some 
weathering profiles associated with proposed explosive volcanic edifices in Thaumasia Planum (Figure 1), 
one of the oldest regions on Mars. This result offers a temporal and contextual link between ancient pre-
cipitation-driven pedogenic weathering sequences and explosive volcanism on Mars. Given the likely im-
portance of explosive volcanism in Mars’ early history, the alteration of ash deposits was almost certainly a 
fundamental geologic process and should be considered in more detail when interpreting the stratigraphy 
and mineralogy of the martian surface.

2. Methods
Geomorphological observations of these two volcanos on Thaumasia Planum were made primarily with 
6  m/pixel Context Imager (CTX) data (Malin et  al.,  2007) corrected mosaics (Dickson et  al.,  2018) and 
0.3 m/pixel High Resolution Imaging Science Experiment (HiRISE) data (McEwen et al., 2007). Gridded 
topographic data from the Mars Orbiter Laser Altimeter and High Resolution Stereo Camera (HRSC) 
allow quantitative topographic analysis at 463  m/pixel (Smith et  al.,  2001) and 50  m/pixel, respectively 
(Neukum et al., 2004). Thermal inertia data derived from the Thermal Emission Spectrometer (TES; Mel-
lon et al., 2000) and the Thermal Emission Imaging System (THEMIS; Christensen et al., 2004; Fergason 
et al., 2006) were also used to assess thermophysical properties between geologic units.

Surface mineralogy of these two volcanoes was investigated using visible/near-infrared reflectance data 
from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM; S. Murchie et al., 2007). We 
analyzed the 1.0–2.6 μm spectral range of 100 s of CRISM images throughout Mars, but this paper focuses 
on FRT00023521, FRS0002715F, and FRT00021F18 in detail. Standard data processing procedures were 
performed to correct for instrument effects, radiometrically calibrate the data and remove most atmospheric 
effects (e.g., according to Ehlmann et al., 2009 and S. L. Murchie et al., 2009). Standard mineral parameter 
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Figure 1. (a) The geologic context of the Thaumasia region. MOLA topographic data are draped over MOLA shade-relief data. Two volcanic structures 
described in the text as “volcano 1” and “volcano 2” are shown in “b” and “c,” respectively. MOLA, Mars Orbiter Laser Altimeter.
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maps were used to delineate various clay units (Pelkey et al., 2007; Viviano-Beck et al., 2014), and each unit 
was verified by checking the spectral shapes of I/F data extracted from those units. Average spectra from re-
gions of interest (typically greater than 5 × 5 pixels, at least 3 × 3 pixels) were ratioed to a dusty or spectrally 
neutral region from the same column of the unprojected image.

3. Weathering Sequences on Thaumasia Planum Volcanoes
Two volcanic edifices were identified in Coprates Rise, the east part of Thaumasia Planum. An unnamed 
feature (referred to here as “volcano 1”) is a topographic feature with dimensions 150 km North–South and 
90 km West–East located at 300.4°E−18°N (Figure 1b). The structure reaches a maximum height of ∼2 km 
above surrounding plains and contains a near-circular depression at the summit that is possibly the caldera. 
Another structure dubbed “volcano 2,” located at 299.7°E−20.37°N, reaches 1 km elevation above the sur-
rounding plains and has dimensions 60 km North–South and 30 km West–East (Figure 1c).

These two large putative volcanic structures are dominated by low-thermal inertia materials, and they con-
tain evidence for structural collapse as is seen in some other explosive volcanoes on Mars (Michalski & 
Bleacher, 2013). Though these structures are interpreted as volcanic features by multiple previous authors 
(J. Dohm & Tanaka, 1999; Dohm et al., 2001; Xiao et al., 2012), we point out that neither has any associated 
lava flows and only one of the features has a central collapse pit that would be interpreted as a caldera. The 
mode slope of the flanks from the caldera rim to basement is about 1.5° and 3° for volcano 1 and volcano 
2, respectively. Layered, light-toned materials observed in the summit of volcano 1 at fine scales with CTX 
data (Figure 2e) might represent pyroclastic deposits. The TES thermal inertia values of the two volcanoes 
range from ∼180 to 200 J m−2 K−1 s−0.5. The high-resolution thermal inertia derived from THEMIS nighttime 
temperature data for the two structures ranges from ∼200 to 250 J m−2 K−1 s−0.5, which is relatively low on a 
global scale and suggests that even the highest inertia areas contain significant fine-grained materials (Fer-
gason et al., 2006). These low thermal inertia materials could be interpreted as ash deposits. As discussed 
below, the spectral response from the surface is not indicative of dust cover.

These two volcanic structures were modified by erosion and impacts, creating V-shaped valleys (Figures 2 
and S1), slumps or landslides, and impact craters. The numerous sinuous channels radiating from the sum-
mit are striking features on the flanks of volcano 1 and volcano 2 and are reminiscent of similar patterns 
on other known volcanoes, such as Alba, Hecates, and Ceraunius (Gulick & Baker, 1990). Channels are 
typically 1–3 km wide and 10–15 km long, but the maximum length of any channel is ∼90 km. A significant 
amount of light-toned material is exposed on the floors of the channels (Figures 2c and S3). The light-toned 
materials usually exhibit small-scale polygonal fractures in HiRISE images (Figures 2f and 2g), similar to 
desiccation cracks (El-Maarry et al., 2014), which may indicate volume loss in expandable clay minerals 
(i.e., smectites). Collectively, these two ancient volcanoes on Thaumasia do not look like other effusive vol-
canoes on Mars, but are morphologically similar to ancient highland paterae (e.g., Hadriaca, Tyrrhena, and 
Apollinaris Paterae) considered to have explosive volcanic origin (Table S2; Crown & Greeley, 1993). Their 
response to erosion, lack of lava flows, radiating “V-shaped” channels, low thermal inertia, low topographic 
relief and slopes are consistent with explosive volcanism.

Previous researchers estimated the absolute model ages for volcano 1 and volcano 2 using crater count-
ing at 4.05 and 3.98 Ga, respectively (Xiao et al., 2012). The best timing constraint however comes from 
detailed mapping of Tanaka et al.  (2014), showing that the interpreted volcanic units are overlain by 
middle Noachian plains materials (Tanaka et al.’s “middle Noachian highland unit”, spanning from 3.84 
to 3.95  Ga), meaning these structures are Middle Noachian at youngest and potentially older. In ad-
dition, these two volcanoes also show some signatures of remnant crustal magnetization (Connerney 
et  al.,  2005; Lillis et  al.,  2008), suggesting these two volcanoes are pre-Noachian or early Noachian 
(>4.0 Ga) because the shutdown of the core dynamo and cessation of crustal magnetization occurred 
around 4.0–4.1 Ga.

A key observation is the identification of compositional stratigraphy within volcanic structures at high 
(∼2 km) elevation above the surrounding terrain. CRISM images show that the exposures of light-toned 
materials exhibit distinct spectroscopic signatures consisting of Fe/Mg clay minerals and Al/Si materials 
(Figure 2c). These light-toned deposits at volcano 1 show a clear vertical stratigraphic relationship; the 
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Al/Si materials overlay the Fe/Mg clay minerals (Figures 2c and 3a). Crater B is a ∼10 km diameter impact 
crater in the northern flanks of volcano 1, exhibiting the best exposure in the crater wall (Figures 3a and 
3b). The upper Al/Si phase is relatively blue and lower Fe/Mg smectites unit is relative reddish (Fig-
ure 3c). The transition of the two colors is gradual and it may indicate the contact between two units 
is gradational. Volcano 2 contains clay minerals in similar stratigraphic relationships, but the outcrops 
are not as good due to the lack of exposure created by impact craters (Figure S2). HiRISE images show 
that this altered material has a smooth surface or exhibits polygonal fractures (e.g., Figure 2g). Based on 
spectral shapes and band minima observed with CRISM, the Al-rich material is probably kaolinite and 
possibly allophane or imogolite, and Fe/Mg clay minerals are likely Mg2+ or Fe2+-rich trioctahedral clays 
(Figures 2d, 3b, and S2b). Kaolin-group minerals are characterized by a deep, narrow asymmetric doublet 
absorption near 2.17 and 2.2 µm. Well-crystalline kaolinite has a very sharp, well-defined doublet with 
two distinct absorptions (Clark et al., 1990). The doublet absorption is not so pronounced in this case and 
it may indicate the spectra are more consistent with disordered kaolinite, halloysite or kaolinite-smectite 
mixed-layer clay (Cuadros & Michalski, 2013; Ehlmann et al., 2016; McKeown et al., 2011). The 2.21 μm 
band minimum and an asymmetry with a shoulder at 2.17 μm strongly indicates kaolin-group minerals 
are present in some locations.

We note that some Al/Si materials exhibit a broad absorption at 2.19–2.20 µm instead of 2.21 µm (Fig-
ure 3b). The 2.21 µm absorption and lack of a doublet are characteristic of an Al smectite phase (e.g., 
montmorillonite) or an opaline silica phase, with the absorption caused by Al-OH or Si-OH combination 
stretching and bending vibrations, respectively. The maximum inflection point on the long wavelength 
side of the 2.2 µm absorption in this setting is 2.34 μm, wider than kaolinite (2.25 μm), and montmoril-
lonite (2.27 μm) but narrower than hydrated silica (2.39 μm). Allophane and imogolite, which are char-
acterized by a broader band centered near 2.19–2.20 µm due to the poorly crystalline Al/Si-OH-bearing 
units, are most consistent with our observation (J. L. Bishop & Rampe, 2016; J. L. Bishop et al., 2013). The 
spectra collected from the lower part of the stratigraphy exhibit absorptions centered near 1.40, 1.92, and 
2.30 µm, consistent with Fe/Mg smectites (Bishop et al., 2002, 2008) such as Mg-rich or ferrous nontron-
ite (Michalski et al., 2015).

4. Discussion
4.1. The Origin of the Compositional Stratigraphy

In our study, no candidate hydrothermal or likely diagenetic alteration minerals (e.g., illite, prehnite, and 
chlorite) were identified. The distribution of hydrous minerals appears extensive and continuous on volcan-
ic edifices at high elevations rather than patchy (Figure 4), which is not consistent with the hydrothermal 
origin. The clear vertical stratigraphy relationship of clay minerals at volcano 1, consists of a lower Fe/
Mg clay unit and an upper Al/Si clay/silica unit, similar to the other compositional stratigraphy observed 
throughout the southern highland on Mars. Hundreds of examples of compositional stratigraphy have been 
identified around the global, including within the western Arabia Terra, Valles Marineris, Nili Fossae, Terra 
Sirenum, Eridania, and Noachis Terra (e.g., Crater et al., 2015; Ehlmann et al., 2011; Le Deit et al., 2012). 
The widespread distribution points to a significant aspect of the global geologic process. Multiple working 
hypothesizes were proposed, including top-down leaching, rainfall versus groundwater and links to valley 
networks (J. L. Bishop et al., 2008; Ehlmann et al., 2011; Gaudin et al., 2011; Michalski et al., 2013; Noe 
Dobrea et al., 2010). Yet, their origin remains controversial.
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Figure 2. (a) A CTX mosaic of volcano 1. The black box indicates the location of Figure 2c. The yellow dashed line marks the location of the cross-section 
profile in Figure 4. (b) A geologic-geomorphic map of volcano 1. (c) CRISM mineral parameter maps (Fe/Mg clay minerals in red, Al/Si materials in blue 
and hydrous minerals in green) overlaid on CTX images of volcano 1. (d) Ratioed CRISM I/F spectra containing Al/Si materials and Fe/Mg clay minerals 
from FRT00023521. Library spectra of Al clay minerals and Fe/Mg clay minerals are in black for comparison. Gray lines mark bands near 1.40, 1.90, 2.21, and 
2.30 µm. The spectra of kaolinite, montmorillonite, opal, nontronite, and saponite are from the USGS library (Clark et al., 2007). (e) Examples of possible layer 
outcrop at volcano 1 are shown in the CTX image (K01_053871_1616_XI_18S059W). (f) A subset of color HiRISE image (ESP_026206_1615) shows light-toned 
materials exposed in crater A, which are clay deposits filled with polygonal fracture as the white arrow indicates. (g) An enlarge figure shows the detail of the 
polygonal fractures of clay deposits. CRISM, Compact Reconnaissance Imaging Spectrometer for Mars; CTX, Context Imager; HiRISE, High Resolution Imaging 
Science Experiment.
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Our result shows that the compositional stratigraphic relationship is observed at high elevation, on ancient 
volcanoes, above the surrounding plains. This strongly indicates that, in this setting, the compositional stra-
tigraphy must have formed from chemical weathering of pyroclastic materials driven by rainfall or snow-
melt. The elevated setting above the surrounding plains argues against groundwater, which would emerge 
from depth, and the continuous nature argues against local hydrothermal processes, which would not form 
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Figure 3. (a) Enlarged CRISM mineral parameter map (Fe/Mg clay minerals in red, Al/Si materials in blue and hydrous minerals in green) overlaid on CTX 
images of volcano 1, showing Al/Si materials stratigraphy overlying Fe/Mg clay minerals. (b) A subset of color HiRISE image (ESP_029450_1620) shows the 
smooth texture of compositional sequences in the crater wall. (c) Ratioed CRISM I/F spectra contain Al/Si clays and Fe/Mg clays from CRISM FRS0002715F. 
Library spectra of Al clay minerals, opal and Fe/Mg clay minerals are in black for comparison. Gray lines mark bands near 1.40, 1.90, 2.21, and 2.30 µm. 
The spectra of natural allophane and imogolite samples are from J. L. Bishop et al. (2013). The spectra of kaolinite, montmorillonite, opal, nontronite and 
saponite are from the USGS library (Clark et al., 2007). CRISM, Compact Reconnaissance Imaging Spectrometer for Mars; CTX, Context Imager; HiRISE, High 
Resolution Imaging Science Experiment.
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widespread, homogeneous deposits. Allophane and imogolite detected in these two volcano edifices are 
characteristic of soils formed in tephra or pyroclastic deposits on Earth (Parfitt, 2009; Wada & Wada, 1977). 
Allophane and imogolite were found within the compositional stratigraphy in Mawrth Vallis, which has 
been interpreted as evidence for alteration of explosive fragments from nearby supervolcano Eden patera 
(J. L. Bishop & Rampe, 2016). Indeed, alteration of pyroclastics deposits has been proposed by previous 
words (McKeown et al., 2009; Wilson & Head, 1994; Wray et al., 2008). Without a clear volcanic context, dis-
criminating volcaniclastic rocks from fluvial/lacustrine/aeolian deposits and impact ejecta at orbital scale 
remains a great challenge. Our observation of Al/Si phases overlying Fe/Mg smectite on volcanic edifices is 
indicative of precipitation-driven pedogenic leaching pyroclastics deposits, which gives a new insight into 
the formation mechanism of compositional stratigraphy elsewhere on Mars and has crucial implications 
for Martian geologic history.

4.2. Implications for Martian Geologic History

Mars is in many ways a sedimentary planet (Grotzinger & Milliken, 2012; McLennan et al., 2019). However, 
where the sediments have been investigated in situ, there are many signs that point to volcaniclastic origins. 
These include fine-grained deposits of basaltic composition at Meridiani (Glotch et  al.,  2006), intensely 
weathered, soft rocks in Gusev Crater (Ruff et al., 2006, 2014), and sediments with a large amorphous com-
ponent (Rampe et al., 2017) and high-temperature silica polymorphs in Gale Crater (Morris et al., 2016). 
Unlike the Earth, which contains mature sediments that have been chemically and physically processed 
over long periods of geologic activity and often great distances, it appears that sediments in some locations 
on Mars might be dominated by immature airfall volcaniclastic components.

It remains unclear how to reconcile the evidence for weathering observed with climate models, which 
generally do not predict sustained temperatures above freezing (e.g., Wordsworth et al., 2016). One piece of 
this puzzle is more easily solved if the weathered materials are widely composed of ash from explosive vol-
canoes. The amorphous, fragmented, mafic, porous, reactive ash deposits composed of particles with high 
specific surface area would have been much more susceptible to alteration in shorter times than nearly any 
other rock type (e.g., Gonnermann & Manga, 2007; Ugolini & Dahlgren, 2002).

Ancient, explosive volcanism could have significantly impacted the Noachian climate (Halevy & Head, 2014; 
Halevy et al., 2007; Johnson et al., 2008). The violent eruptions not only could have sent a large amount of 
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Figure 4. A schematic 100 km long cross-section shows an exaggerated MOLA elevation profile of volcano 1 and the 
location where the alteration is observed (see Figure 2a for context). The weathering sequences (Al/Si phases in blue 
and Fe/Mg smectite in pink) on the summit and flanks of this volcano must have formed through precipitation, rainfall 
or snowmelt. Alteration by groundwater is less likely due to the topographic setting. The explosive eruption and others 
like it elsewhere released a large amount of greenhouse gases over a short period to increase temperature and pressure 
temporarily, allowing precipitation to occur. The liquid water derived from the snowmelt or rainfall carved fine-grain 
glassy pyroclastics deposits on the summit and flanks to form channels and compositional stratigraphy rapidly. MOLA, 
Mars Orbiter Laser Altimeter.
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ash to several kilometers height in the atmosphere, affecting climate, but also would have released large 
quantities of H2O, SOx, CO2, H2, CH4, and other greenhouse gases into the atmosphere in a relatively short 
time period (e.g., Halevy & Head,  2014). There could therefore be a causal link between the volcanism 
that produces chemically reactive volcanic ash deposits and the triggers for climate excursions that drove 
weathering.

5. Conclusion
Compositional stratigraphy was found on the summits and flanks of volcanoes at high elevations in Thau-
masia Planum, which provides compelling evidence for precipitation-driven weathering of pyroclastic de-
posits. This observation links widespread weathering sequences with explosive eruptions in early Martian 
history, both temporally and contextually. Considering that explosive volcanism might have been a wide-
spread process on early Mars (Bandfield et al., 2013), volcaniclastic are likely a significant component of the 
Martian sedimentary record. The rapid alteration of these glassy, porous, and highly reactive materials is 
perhaps a critical puzzle piece to help to answer the climate conundrum of Mars’ first billion years.

Data Availability Statement
All data used in this paper are available in the NASA Planetary Data System (pds.jpl.nasa.gov).
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