
1.  Introduction
1.1.  Martian Volcanism and Missing Vents

Volcanism is a fundamental process involved in nearly every aspect of Mars’ evolution (Greeley & Sch-
neid, 1991; Greeley & Spudis, 1981; Zuber, 2001) throughout the planet's history (Brož et al., 2021; Carr, 1973; 
Hodges & Moore, 1994; Richardson, Bleacher et al., 2021). Magma production through time and the inti-
mately linked contribution of volcanic gases to the atmosphere are inferred by several approaches (Craddock 
& Greeley, 2009; Crown & Greeley, 1993; Gaillard et al., 2013; Gillmann et al, 2011; Greeley, 1987; Greeley & 
Schneid, 1991; Lammer et al., 2013; Phillips et al., 2001; Plescia & Crisp, 1992). Although estimates disagree 
in detail, all models suggest that an early (Noachian–Hesperian) high magma production rate tailed-off 
to limited or no production at present (e.g., Horvath et al., 2021). Despite extensive evidence of volcanic 
activity across ancient Mars, only ∼75 ancient volcanic edifices have been identified or proposed (Crown & 
Greeley, 1993; Greeley & Crown, 1990; Williams et al., 2009; Xiao et al., 2012). Much of the ancient martian 
crust has been resurfaced by volcanic materials from unidentified sources (Golombek et al., 2006). It is 
unclear if Noachian–Hesperian volcanoes remain under-identified because (a) evidence for them has been 
buried or eroded away (Golombek et al., 2006; Xiao et al., 2012), (b) evidence has until recently been over-
looked due to limits in data resolution and coverage, or (c) some ancient explosive volcanoes (e.g., Peneus, 
Malea, and Pityusa Paterae [Williams et al., 2009]) are fundamentally different than those associated with 
well-characterized edifice-forming volcanoes and therefore remain unrecognized.

Abstract  Several large paterae in Arabia Terra are suggested to be calderas that produced colossal 
explosive eruptions (i.e., supereruptions). If these features are indeed explosive calderas, dispersion 
modeling suggests extensive ash deposits should be common throughout the region. However, such 
deposits have not previously been linked with the suggested calderas. Here, we describe layered deposits 
containing minerals both consistent with and diagnostic of altered volcanic ash throughout Arabia Terra. 
These deposits include Al-dominant minerals such as montmorillonite, imogolite, and allophane among 
others. Altered ash deposits are found to thin (from 1-km to 100-m thickness) away from the suggested 
calderas. We estimate that the volcanic ash observed in Arabia Terra is the result of between 1,000 and 
2,000 individual explosive eruptions over 500-million years. Our observations support the hypothesis that 
Arabia Terra hosted supereruptions in the late Noachian-early Hesperian that repeatedly blanketed the 
region with layers of ash.

Plain Language Summary  Several large and deep craters in western Arabia Terra, Mars are 
thought to be explosive calderas, a type of volcano capable of producing supereruptions. If these craters 
are calderas, vast layers of volcanic ash should be common in Arabia Terra. While layered deposits have 
been observed previously in Arabia, until now, no deposits have been associated with the suggested 
calderas. We present mineral signatures of volcanic ash deposits that thin (from 1 km to 100 m thickness) 
away from the suggested calderas. Our observations support the idea that explosive calderas do exist in 
western Arabia Terra, and they produced thousands of super eruptions spread out over 500 million years 
of ancient Mars history.
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1.2.  Arabia Terra & Fretted Terrain

Volcanic deposits have been suggested to exist in Arabia Terra (e.g., Moore, 1990) although few vents are 
identified in the region (Brož et al., 2021). Fretted terrain comprises much of the northern boundary of this 
region and is defined as smooth low-lying plains separated from complex plateaus by cliffs (Sharp, 1973) 
forming a polygonal network of canyons (Figure 1). The fretted terrain unit is composed of altered, fine-
grained, layered, clay- and sulphate-bearing sediments suggested to be eroded ancient explosive volcanic 
deposits (e.g., Fassett & Head, 2007; Hynek et al., 2003; Moore, 1990). Given its regional extent, spanning 
>2,500-km, a volcanic provenance of the unit would be indicative of voluminous explosive volcanism. How-
ever, this explanation remains unconfirmed because it has two important deficiencies: (a) logical source(s) 
(Kerber et al., 2012) and (b) direct evidence of volcanic deposits.

Mapping of Arabia Terra indicates that the region experienced volcanic activity (McGill, 2000). Michalski 
and Bleacher  (2013) suggest that seven large depressions in the region represent old explosive volcanic 
centers analogous to the Circum-Hellas paterae (Williams et al., 2009). The features are characterized by 
large collapse structures with low or no rim topographic relief, and associations with ridged lava plains. 
They referred to the features as “plains-style caldera complexes,” but here we refer to them as “suggested 
calderas.” Michalski and Bleacher (2013) present evidence for large calculated erupted volumes, collapse, 
low relief, and resurgent domes consistent with terrestrial explosive calderas. If these features are indeed 
explosive calderas, ash dispersion modeling (e.g., Glaze and Baloga, 2002; Kerber et al., 2012; Keber, Forget 
et al., 2013; Keber, Michalski et al., 2013) suggests extensive ash deposits, carried by ancient winds, should 
be common throughout Arabia Terra. The kilometer-deep canyon walls within the fretted terrain should 
therefore expose evidence for Noachian-Hesperian era volcanic deposits.

Here, we present observations that support the hypothesis that Arabia Terra was the site of early martian 
supereruptions (i.e., explosively erupted volumes ≥1,000 km3) which produced regionally blanketing pyro-
clastic deposits. We describe seven individual observations (Figure 1) of layered deposits exposed in cliff 
faces and a detailed study of their mineralogy using CRISM (Compact Reconnaissance Imaging Spectrome-
ter for Mars) data (Murchie et al., 2007), and morphology using HiRISE (High Resolution Imaging Science 
Experiment; [McEwen et al., 2007]) and CTX (Context Camera) data (Malin et al., 2007).
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Figure 1.  Arabia Terra and the Fretted Terrain. Red polygons mark the locations of the suggested calderas while the white circles a–g correspond to 
observations of altered volcanic ash and indicate locations of interest discussed in this paper. The Perseverance Rover landing site is noted with a white star. The 
base map is topographic shaded-relief derived from Mars Orbiter Laser Altimeter gridded data.
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2.  Methodology
2.1.  Identifying Mineralogical Signatures of Volcanic Ash

A survey of CRISM images of cliff faces and crater walls in Arabia Terra was conducted to identify 
mineralogical signatures of volcanic ash. CRISM is well suited for this task because the alteration 
of volcanic ash deposits leads to unique mineral assemblages that can be readily distinguished with 
spectral remote sensing. For example, hydrated silica, zeolites, clays and sulfates could all be prod-
ucts of altered volcanic ash detected visible/near-infrared (VNIR) and short-wave infrared (SWIR) 
instrumentation such as CRISM (Liu et al., 2021; Murchie et al., 2007; Rampe et al., 2012; K. D. See-
los et al., 2010; Viviano-Beck et al., 2014; Ye & Michalski, 2021). K. D. Seelos et al.  (2010) analyzed 
Airborne Visible/Near-Infrared Imaging Spectrometer (AVIRIS) data over Kilauea Volcano, Hawaii, 
and found that the ash spectral endmember is characterized by VNIR features suggestive of poorly 
crystalline iron oxides, while SWIR features at 2.25-μm indicate the presence of opaline silica. Zeolites 
can form where volcanic rock and ash layers react with alkaline groundwater (Eugster, 1980; Shep-
pard & Hay, 2001; Weisenberger & Selbekk, 2009). Additional field studies at Kilauea Volcano further 
constrained minerals assemblage associated with the weathering of volcanic ash and basalt, including 
Fe/Mg smectite and opaline silica, which occur in relatively arid and acidic environments (Schiffman 
et  al.,  2006; Sherman & Uehara,  1956). Terrestrial analog studies have also found montmorillonite 
associated with hydrothermal alteration of impact structures (e.g., Osinski, 2005; Svenson et al, 2021), 
but the most common origin, when the deposits are layered is altered volcanic ash (Clark et al., 2007; 
Ehlmann et al., 2013).

We utilized CRISM Map Projected Targeted Reduced Data Record (MTRDR) products to analyze the min-
eralogy. MTRDRs are derived from CRISM hyperspectral targeted observations processed through a series 
of standard and empirical spectral corrections, spatial transforms, summary parameter calculations, at-
mospheric corrections, and renderings (F. P. Seelos et al., 2012). Hyperspectral images analyzed include 
full-resolution targeted (FRT) images (∼20-m/pixel resolution) and half-resolution long (HRL) targeted im-
age (∼40-m/pixel resolution). Each CRISM image described here was analyzed using ENVI-enabled spec-
tral interpretation tools (following methods of Viviano-Beck et al. [2017] and Buczkowski et al. [2020]) to 
collect spectral signatures of mineralogy assemblages that are indicative of altered volcanic ash. Spectra 
were ratioed for an area covering spectrally neutral material within the same detector column, to accentuate 
weak spectral features and remove any residual column-dependent noise. Locations suggested in CRISM 
images to contain volcanic ash (i.e., locations of interest) were followed-up with morphologic and morpho-
metric analysis using topographic data.

2.2.  Morphologic and Morphometric Analysis

Digital Elevation Models (DEMs) of locations of interest (identified through CRISM analysis to have 
volcanic ash) within the Arabia Terra study area were produced from high-resolution images from the 
Context Imager (CTX) aboard the Mars Reconnaissance Orbiter, using the Ames Stereo Pipeline (ASP) 
(Moratto et al., 2010). Images were selected to overlap CRISM targets of interest to produce co-located 
geomorphologic and mineralogic observations. The DEMs were processed using two CTX images that 
are spatially overlapping, that is, are stereopairs. Stereopairs with adequately matching illumination 
and sufficient convergence angles at locations of interest were identified using the Planetary Image Lo-
cator Tool (PILOT) (Bailen et al., 2015) and suggested complementary attributes as detailed by Becker 
et al. (2015) and Bailen et al. (2015). For each location of interest, both stereo images were downloaded 
from the PDS. Additional HiRISE DEMs in the study area which are publicly available from the HiRISE 
website (https://hirise.lpl.arizona.edu/) were also downloaded for this project. DEMs were constructed 
using the photogrammetric toolkit ASP. Processed CTX DEMs were aligned to Precision Experiment 
Data Records (PEDRs) from the Mars Orbiter Laser Altimeter (MOLA [Smith et al., 2001]) to reference 
the DEM to the martian aeroid. All DEMs were exported in a Mars sinusoidal coordinate system for 
GIS ingestion.

Both topographic and mineralogic imaging data were imported into GIS software where the co-registration 
between each CTX DEM and CRISM cube was manually validated. CRISM images were draped over the 
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DEMs (following Viviano-Beck et al. [2017]), to produce a three-dimensional visualization of the vertical 
topography and enable quantitative measurements (e.g., thickness and slope) of layering within observed 
mineralogic units. Topographic profiles were analyzed across mineral contacts and over steep terrain to aid 
visualization and used to measure layer thickness (Figure 2). We corrected for apparent dips by measuring 
layer attitudes in the DEMs to extract best estimates of layer thicknesses.

3.  Results
Morphologically coherent and mineralogically distinct layers were found at seven locations of inter-
est (Figure 1, ESM) where we produced DEMs (J. A. Richardson, Whelley et al., 2021) and scrutinized 
CRISM spectra. Combining CRISM data with CTX DEMs in steep topography (e.g., cliff faces and crater 
walls) confirmed that spectral signatures of different mineral species were found to exist in vertically 
separated coherent layers with low dip, as is expected of volcanic ash fall deposits. We found both altered 
and unaltered minerals. Unaltered minerals found include olivine and pyroxene, but these could just as 
likely originate from lava flows and are not diagnostic of explosive deposits. Therefore, we focused on 
mineralogical species commonly associated with altered volcanic ash that were present (Figure 2). For 
clarity, we separate observed species into (a) minerals that are consistent with volcanic ash but could 
also have had non-volcanic origins (Milliken et al., 2008; Murchie et al., 2007; Perrin et al., 2019; Schiff-
man et al., 2006; K. D. Seelos et al., 2010; Sherman & Uehara, 1956; Viviano-Beck et al., 2014) and (b) 
minerals that are diagnostic of volcanic ash (Bishop et al., 2013; Bishop & Rampe, 2016; Hewett & Lup-
ton, 1917; Keller, 1970; Liu et al., 2021; McKeown et al., 2009; Ross & Shannon, 1926; Wherry, 1917; Ye 
& Michalski, 2021).

Minerals consistent with ash include hydrated sulfates (e.g., jarosite), phyllosilicates (e.g., Mg and Fe 
smectites) and hydrated silicas (opals). Observed minerals that are diagnostic of altered volcanic ash 
include Al-phyllosilicates (e.g., Al smectites–such as montmorillonite–imogolite, and allophane; e.g., 
McKeown et al, 2009 and Bishop et al., 2013). Al-phyllosilicates are particularly prevalent around Maw-
rth Vallis and the greater Arabia Terra Region (Viviano-Beck, et al., 2014). The studies cited in the pre-
vious paragraph focus on climatic conditions on Mars that would be needed to alter various materials 
into the diversity of minerals observed today. Results presented here build upon these interpretations to 
further characterize the distribution and thickness of altered minerals as an indicator of past volcanic 
activity.

We present results for Western and Eastern Arabia separately; dust cover in central Arabia Terra (Ruff & 
Christensen, 2002) inhibited clear CRISM bedrock observations, which complicated obtaining clear spec-
tral signatures from orbital data.

3.1.  Western Arabia

Locations of interest a through d (Figure 1) span locations in western Arabia where the spectral data re-
veal both clear, well-defined layers (e.g., a) and mineral mixing (e.g., b). Location a includes two adjacent 
craters with exposed layering (Figure 2). Locations a and b are within the Mawrth Vallis region. In these 
two locations of interest as well as in another in western Arabia (c), spectrally dominant mineral species 
include Fe- and Mg-smectites (nontronite and saponite) Al-smectite (montmorillonite), aluminosilicates 
(allophane, imogolite), hydrated silica (opal), and infrequently hydroxylated sulphate (jarosite) are mixed 
in with Fe/Mg smectites and hydrated silica. The presence of montmorillonite, allophane, and imogolite, in 
particular, are diagnostic of the alteration of volcanic ash fall deposits. The presence of nontronite has also 
been chemically linked to the deposition of a fresh volcanic ash layer in a cold, limited-water environment 
(Bishop et al., 2020).

At location (a), we observe a unit in the crater rim that is a mix of imogolite, allophane and some jarosite, 
with weak absorption features at 1.85 and 2.26-µm (indicative of jarosite) and stronger absorptions at 1.92 
and 2.2-µm. Stratigraphically below that, in the upper part of the crater wall, is a layer of montmorillonite 
and hydrated silica, with absorption features at 1.41, 1.91 and 2.21-µm. A middle crater wall unit is spec-
trally dominated by Fe/Mg smectites having absorption features at 1.41–1.42-µm, 1.91-µm, and at a variable 
wavelength center from 2.28 to 2.32-µm. Also present in this unit is a strong absorption feature at 1.94 µm 
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which could indicate the presence of Mg-dominated polyhydrated sulfates. Within the topographic profile 
at location (a) (Figure 2) the thickness of material diagnostic of altered volcanic ash total ∼190-m and that 
consistent with volcanic ash include an additional 10 m. This sums to a possible 200-m of altered volcanic 
ash.
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Figure 2.  Oblique views of Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) images at locations of interest a, b, and f (left), over 
Context Camera (CTX) topography and shading. Interpreted cross sections (center) are based on the mineralogy observed in CRISM and co-located 
CTX topography. (right) CRISM spectra (bold lines) compared to lab spectra (thin lines) for locations of interest a, b, and f. Mineral names in italics 
are diagnostic of volcanic ash while all others are consistent with ash. The colors are from CRISM parameters (Red = bd2265, Green = bd2250, 
Blue = sindex2) as defined by Viviano-Beck et al. (2014). The reddish areas are spectrally dominated by Fe/Mg smectite, the light bluish areas by Al-
phyllosilicates, such as montmorillonite, and the greenish areas by aluminosilicates such as allophane and imogolite. Yellow areas are spectrally dominated 
by jarosite.
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Approximately 25-km to the southeast, CRISM images for location b show three distinct layers. The upper 
layer has absorption features centered at 2.2-µm, suggesting the presence of Al-smectite (montmorillonite). 
The middle layer has strong allophane/imogolite signatures with absorption features at 1.39–1.40, 1.92, and 
2.19–2.20-µm. The lower layer displays absorption features at 1.91, 1.42, and 2.3-µm indicating the presence 
of Fe/Mg smectite. Some jarosite might also be present as a smectite-jarosite mix, as suggested by a fea-
ture whose center varies spatially from 2.29 to 2.26-µm. Together the montmorillonite, allophane/imogolite 
package, minerals diagnostic of volcanic ash, are about 290-m thick within location (b).

At location (c), within a central crater pit of a crater approximately 52-km in diameter, CRISM observations 
show similar mineral assemblages as in other regions of Western Arabia Terra. Units dominated by diag-
nostic minerals such as montmorillonite, and mixed with imogolite and allophane, are observed in layers 
alternating vertically with layers dominated by Fe/Mg smectite mixed with jarosite. Diagnostic material at 
location c total ∼800-m in thickness, whereas material consistent with altered volcanic ash is about 200-
m, forming a combined stratigraphic package ∼1000-m thick. Location (c) is the closest site to the paterae 
identified by Michalski and Bleacher (2013) and represents the maximum thickness of altered ash units 
observed in CRISM images in the study.

CRISM observations at location (d) show layered material consistent with other observations in this study. 
Layers dominated spectrally by Fe/Mg smectites are interlayered with layers spectrally dominated by mont-
morillonite, allophane and imogolite. There are also some instances of jarosite mixed in with both the Fe/
Mg smectites and the Al-dominated units (imogolite, allophane and montmorillonite) that are diagnostic 
of altered volcanic ash. Units diagnostic of altered volcanic ash at location (d) total∼ 550-m thick and units 
consistent with altered volcanic ash are about 150-m thick, for a combined thickness of ∼700-m.

3.2.  Eastern Arabia

In the eastern portion of the study area (e, f, g), near the Nili Fossae region, CRISM observations show finer 
scale (<10-m) interlayered sequences of potentially altered volcanic ash units. A plateau unit in f displays 
alternating layers of montmorillonite, mixed with imogolite and allophane, and Fe/Mg smectites (Figure 2). 
On either side of the plateau, weaker absorption features detected by CRISM show a more massive unit 
that is spectrally dominated by hydrated silica mixed with jarosite and Fe/Mg smectites. At site f, layers that 
are consistent with altered volcanic ash are ∼400-m thick and layers diagnostic of altered volcanic ash are 
∼100-m thick, for a total thickness of ∼500-m.

To the southeast (g), these same minerals exist, also in thinner alternating layers than in western Arabia 
Terra. At this site, Fe/Mg smectite is exposed in lower units within the CRISM scene. Material consistent 
with altered volcanic ash are ∼50-m thick and layers diagnostic of altered volcanic ash are ∼600-m thick for 
a total thickness of about 650-m. However, the bulk of the deposits make up the rim of an impact crater and 
are therefore potentially overthickened by impact processes.

Further south (e), CRISM data reveal abundant Fe/Mg smectite, sporadically mixed with jarosite, in strati-
graphically higher units. Layers rich in montmorillonite, imogolite and allophone dominate lower units. 
As with the other sites in eastern Arabia Terra, these layers are thinner with more frequent alternating 
sequences of mineral assemblages than in Western Arabia Terra. At location e, minerals consistent with 
altered volcanic ash are ∼200-m thick and minerals diagnostic of altered volcanic ash are ∼100-m thick, for 
a total thickness of about 300-m.

The mineralogy observed at all locations of interest (a–g) are consistent with previous documentation of 
spectral signatures in Arabia Terra (Bishop & Rampe, 2016; Gross et al., 2017; Lowe et al., 2020). Particularly 
relevant are analog studies comparing spectra from Mawrth Vallis with spectra from the Painted Desert in 
Arizona, that have found jarosite, phyllosilicate, and hydrated silica mixes (e.g., Perrin et al., 2019), which 
formed from lacustrine and fluvial alteration of volcanic ash. In the following sections we describe the 
additional step of relating our observations geographically to explore regional trends and provide further 
insights into the possibility of supereruptions on Mars.
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4.  Discussion
4.1.  Spatial Distribution

The seven CRISM observations described above are distributed across the study region (Figure 1) and yet, 
due to substantial dust deposits in central Arabia Terra, are principally located in the eastern and western 
ends of Arabia Terra. Comparing our observations to ash dispersion models enables us to link these geo-
graphically distant observations in a regional narrative.

Previous ash dispersion modeling (Kerber, Michalski et al., 2013) found that if the suggested calderas in 
western Arabia Terra produced catastrophic eruptions, the ash layers would have been thickest proximal to 
the calderas, thin to the south and extended to the east thousands of kilometers (Figure 3). It is important 
to point out that the dispersion modeling was limited to tracking the spread of 5 × 106 km3 of 35-µm ash 
and built an annualized distribution by starting a hypothetical eruption each day for one martian year, to 
avoid a seasonal bias. Real eruptions might have had different deposit shapes depending on many factors.

As a first order comparison of identified altered deposits and potential ash distribution from western Arabia 
calderas, we normalize (by linear scaling) the Kerber, Michalski et al. (2013) modeled ash thicknesses across 
the region (Figure 3b). Our ash observations overlap with regions Kerber, Michalski et al. (2013) predicted 
would have thick (>10s-of-meters) volcanic ash deposits from the suggested calderas. Furthermore, the ob-
served layered deposits in this study are consistent with the distribution pattern found by Kerber, Michalski 
et al. (2013), with the thickest deposit identified near the potential calderas, and thinning deposits to the 
south and less rapidly to the east. To further evaluate if the regional trend we are reporting is consistent with 
catastrophic eruptions from calderas, we turn to terrestrial examples.
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Figure 3.  Modeled 35-µm diameter ash deposit thickness (shades of amber [after Kerber, Michalski et al., 2013]) 
from hypothetical supereruptions from the suggested calderas, into a 0.5-bar atmosphere. (b) compares observed and 
modeled ash at seven locations of interest. Model results have been normalized to illustrate the regional shape i.e., the 
thinning to the east (right of the peak) and south (left of peak). Both the model and observations show a systematic 
decrease in ash thickness with distance from the suggested calderas. The matching model and observation trends 
(except g, which is anomalously thick) suggest the layered altered ash deposits are linked by a regional process across 
Arabia Terra.
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4.2.  Comparison to Terrestrial Ash Deposits

On Earth, calderas are associated with both effusive (e.g., Mauna Loa, Hawaii; Lockwood & Lipman, 1987) 
and explosive volcanism (e.g., Yellowstone caldera(s), Wyoming; Wicks et al., 2006), and form due to col-
lapse after evacuation of a large magma reservoir (Cole et al., 2005).

Calderas associated with explosive volcanism on Earth can produce more than 1012 m3 of ash in an eruption 
(Newhall & Self, 1982), vary widely in shape (e.g., Whelley et al., 2015), range in composition from mafic 
(e.g., Rooyakkers et al., 2020) to felsic, and rarely sit atop a large stratovolcano (Cole et al., 2005). Explo-
sive caldera-forming eruptions often produce thick ash fall deposits on the flanks and for many 1,000's of 
kilometers beyond (Newhall & Self, 1982). For example, on Earth, ash fall deposits from two of the largest 
known eruptions, from Toba and Taupo calderas, and can be found 4,000 km from their respective sources 
(Matthews et al., 2011).

Modeling shows that the thin atmosphere on Mars today would limit ash dispersion distances (Glaze & 
Baloga, 2002). However, due to a thicker than present-day atmosphere (e.g., 0.5-bar) on ancient Mars, ash 
fall deposits would have had a wider distribution than for a similar eruption on Earth (e.g., Brož et al., 2021; 
Glaze & Baloga, 2002; Kerber et al., 2011, 2012; Kerber, Forget et al., 2013; Wilson & Head, 2007). Therefore, 
in Arabia Terra, ash fall deposits would be expected to be found >1,000 km from source, that is, throughout 
the region.

4.3.  Comparison to Other Explosive Eruptions on Mars

Altered ash deposits identified in this study are widely distributed within Arabia Terra, and exhibit thick-
nesses of at least 100-m as far away as 3,400-km from the potential caldera sites. Whereas the thickest depos-
it identified is up to 1-km in thickness at a distance of ≤250-km from the calderas, no obvious central edifice 
volcanoes are identified in western Arabia. This morphology deviates from other large martian volcanoes 
that exhibit evidence of explosivity (Brož et al., 2021). At two such volcanoes, Apollinaris and Hadriacus 
Mons, central edifices were developed that rise 1–5-km above surrounding topography with basaltic summit 
calderas 60–90-km in diameter and larger edifice diameters of 100–200-km. The lack of similar edifices near 
the thickest volcanic deposits in Arabia suggests that the eruption style was significantly different than Plin-
ian eruptions that built other martian central volcanoes (Brož et al., 2021). Instead, the broad regional distri-
bution of pyroclasts is consistent with very finely fragmented material. Unlike calderas that are commonly 
seen at the summits of basaltic central volcanoes, calderas on Earth that form from highly fragmented 
explosive eruptions generally have negative topographic expressions, like those identified by Michalski and 
Bleacher (2013). Although it is possible that large Noachian volcanoes that sourced these prodigious ashes 
have been eroded beyond recognition, (Kerber, Michalski et al, 2013), our study indicates that the source or 
sources of Arabia Terra ash deposits were likely in western Arabia Terra and therefore could have been the 
paterae identified by Michalski and Bleacher (2013).

4.4.  Implications on the Eruption History of Western Arabia Terra

The observed deposits of altered volcanic material presented here are broadly consistent with the distri-
bution of ash from sources in western Arabia Terra as modeled by Kerber, Michalski et al. (2013), which 
shows similar trends of thinning deposits with distance from the suggested calderas to the south and east 
(Figure 3). Our observed deposits of material that are diagnostic of ash are on average 1.5 times thicker 
than thicknesses produced by the Kerber et al. model at each site investigated. The modeled thicknesses 
simulated by Kerber et al. were produced using a total eruption volume of 5 × 106 km3, which is based on 
the volume of fine material in Arabia reported by Tanaka (2000). Additionally, all observed deposits in this 
study, including material diagnostic of and consistent with volcanic ash, average three times thicker than 
the modeled deposits at each site in this study. Although future identification of more related deposits in 
and surrounding Arabia will better constrain ashfall isopachs in this region, we interpret the thicknesses of 
observed deposits in this study to represent a total eruptive volume of 7.5 × 106 to 1.5 × 107 km3 from west-
ern Arabia Terra, based on the comparison between thicknesses identified in this study (for material that is 
diagnostic of ash and for all altered material, respectively) and modeled thicknesses by Kerber, Michalski 
et al. (2013).
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The amount of magma and number of explosive eruptions required to deposit this volume of material 
over Arabia Terra and beyond can be estimated using the volumes of the suggested calderas as reported by 
Michalski and Bleacher (2013). The average depression volume for these paterae is >3,300-km3 (Michal-
ski & Bleacher,  2013). Assuming bulk densities of 1,300-kg/m3 for tephra and 2,800-kg/m3 for magma, 
Michalski and Bleacher estimated “average minimum erupted volumes” of tephra would be 7,200-km3 
per caldera-forming event. To amass the volume of ash represented in the observed deposits in this study 
(7.5–15 × 106 km3), western Arabia would need 1,000–2,000 caldera forming eruptions between the Mid 
Noachian and Early Hesperian Periods when Arabia Terra was formed (Michalski & Bleacher, 2013; Platz 
et  al.,  2013; Tanaka,  2000). Furthermore, the total erupted volume over this time would have required 
3.5 × 106 km3 of magma at a minimum to account for the material identified here to be diagnostic of altered 
volcanic ash and a maximum magma volume of 7 × 106 km3 to account for all possible altered volcanic ash 
deposits. As a comparison, these volumes of magma are 30%–60% of the total volume of Olympus Mons 
(Isherwood et al., 2013). If, during the 500 Ma encompassing the mid-Noachian to early Hesperian epochs, 
the number of active source regions remained constant and is now represented by the paterae identified by 
Michalski and Bleacher, these 1,000–2,000 eruptions would have been sourced from seven central volcanoes 
each with an average repose interval of 1.8–3.5-million years between eruptions.

5.  Conclusions
Through a combination of hyperspectral and topographic analyses, we have identified the presence altered 
volcanic ash layers in Arabia Terra and quantified their thicknesses and distribution. Seven examples of 
interbedded hydroxy sulfates, smectites, and phyllosilicates that are preserved in distinct layers within the 
fretted terrain strata suggest that large packages of volcanic ash were produced in Arabia Terra in the late 
Noachian-early Hesperian periods. In western Arabia Terra, minerals diagnostic of altered volcanic ash 
observed in CRISM data, including montmorillonite, imogolite and allophane, are distributed in locations 
consistent with previous observations. The deposits crop out as alternating sequences of minerals that are 
both consistent with and diagnostic of altered volcanic ash deposits. In eastern Arabia Terra, the same min-
eral species are found. However, both the mineral packages and the individual mineral layers are thinner 
than those in the West. The thicknesses of ash layers and their distribution are consistent with ash disper-
sion modeling (Kerber, Michalski et al., 2013) and with analogous supereruption deposits on Earth. We 
interpret these findings to suggest that the sources of ash that helped construct Arabia Terra are in western 
Arabia and could be the calderas identified by Michalski and Bleacher (2013). To deposit the material iden-
tified in this study, these sources would have delivered a volume of magma comparable to Olympus Mons 
to the surface over the late Noachian-early Hesperian periods, potentially generating thousands of large 
explosive eruptions during their activity.

Data Availability Statement
All stereophotogrammetric DEMs produced for our analysis are currently available on the Digital Repos-
itory at the University of Maryland (DRUM) and cited in this manuscript as J. A. Richardson, Whelley 
et al. (2021; https://drum.lib.umd.edu/handle/1903/27174). CRISM data are available from NASA through 
the Planetary Data System (PDS) Geoscience Node CRISM archive (https://pds-geosciences.wustl.edu/
missions/mro/crism.htm), specific scenes used in this work are indicated in the electronic supplementary 
material ESM.
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