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An area roughly 9 x 10° km? within northwest Arabia Terra contains several depressions interpreted to be
supervolcanic calderas, contained within a chemical province considered consistent with large-scale igneous
processes. Despite the underlying global significance to climate and geology, the supervolcanic hypothesis is yet
to be tested with comprehensive compositional or geophysical analyses. Here we present geochemical evidence
consistent with regional-scale supervolcanic resurfacing, with associated eruptions capable of degassing a
climate-altering ~10® kg of sulfur phases. Through gravitational modeling, we find evidence of low-density

pyroclastic loading within this region, and a low elastic thickness, suggestive of a higher heat flow during the
eruptive process. Our geochemical observations within this region reinforce its compositional uniqueness
compared to contemporaneous volcanoes.

1. Introduction

Through near global sampling of martian surface geochemistry, six
chemically distinct provinces were derived some of which correlated to
major volcanic provinces or were interpreted to retain chemical signa-
tures dating to their respective times of emplacement (Taylor et al.,
2010). Chemical province 6 (Fig. 1) which exists in and near Arabia
Terra, is unique among the others as it is enriched in all elements
measured by gamma ray spectroscopy (GRS), but its origin remains
ambiguous (Karunatillake et al., 2009; Taylor et al., 2010). These
elemental trends could indicate igneous activity, especially when
considering the abundance of friable material within Arabia Terra
(Bandfield et al., 2013; Michalski and Bleacher, 2013). In fact, Michalski
and Bleacher (2013) identified four possible volcanic sources that could
explain this chemistry. The individual eruption volumes from these
paterae could have been in excess of 4600 km?, much larger than the
threshold (1000 km?®) required to classify an eruption as a supereruption
(Baines and Sparks, 2005). Supereruptions are a viable mechanism to
explain both the chemistry of chemical province 6 and the abundance of
friable material within Arabia. There have been further attempts to
establish the presence of such eruptions within Arabia (Whelley et al.,
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2021), but none have examined the regional chemistry in context with
other volcanic or sedimentary regions on Mars. Here, we explain the
origin of chemical province 6’s chemistry within Arabia through
supervolcanism. We find that the notable enrichments in volatile spe-
cies, radiogenic elements, and Si when compared to the average martian
crust are most consistent with a supervolcanic provenance.

In this study, we attempt to resolve the provenance of the chemistry
of the supervolcanic context region (SCR). SCR is defined as the high-
lands region which contains the paterae and consists only of chemical
province 6 (Taylor et al., 2010) (Fig. 1). SCR is meant to represent the
regional chemistry that is distinct from the surrounding Arabia Terra
according to Taylor et al. (2010) and that also overlaps with the four
candidate calderas as outlined by Michalski and Bleacher (2013)
(Fig. 1). SCR is surrounded by a broader region (broad SCR or BSCR),
which contains rock units that date to the Early, Middle and Late
Noachian and whose outermost boundaries are defined by a change in
elevation (Carnes et al., 2017). We treat SCR as distinct from BSCR
without overlapping chemical map pixels so as to better examine the
chemical differences between the two. In general, the regional chemistry
of SCR exhibits enrichments in all elements measured by GRS (Supple-
mentary Information, Fig. S2). Prior works suggest that this chemistry
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could be from volcanic activity due to enrichments in Fe, K and Th
(Michalski and Bleacher, 2013; Taylor et al., 2010). Alternatively, SCR’s
associated chemical trends relative to the Martian crust, especially HoO
enrichment, can support the interpretation that the region holds a
massive sedimentary basin (Dohm et al., 2007). Because the lack of
other spectral chemical data could result from dust accumulation
(Newsom et al., 2007) we propose to uncover the provenance of SCR’s
chemistry by considering spatial abundance trends in chemical pairs K
and Th, S and ClI primarily within SCR.

In addition, we conduct a gravitational admittance analysis of SCR
(Fig. 3A) to constrain the load density, porosity, and elastic thickness of
the region. Load density estimations inform us of the relative composi-
tion of the material which is present in SCR. Due to the relatively small
variations in topography within Arabia, our estimations of load density
from admittance are best considered as upper-crust densities. Our esti-
mations of elastic thickness can be used to bound the range of possible
regional heat flow values. We use elastic thickness estimates as proxies
for regional heat flow (McGovern et al., 2004), which has implications
for SCR’s inferred eruptive regime.

2. Data and methods

We examine the chemistry of SCR using GRS-derived chemical data
because they are ideal for investigating regional trends in the bulk
regolith, due to consistent decimeter scale sampling depths for all
mapped elements. Their sampling depth is in part due to derivation from
averaging across different gamma spectral peaks (Taylor et al., 2010;
Viviano et al.,, 2019) and because of the coarse spatial resolution
throughout much of the mid-to-low latitudes (about 60° to -60°), with
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each pixel covering roughly 450 km (Boynton et al., 2007; Hood et al.,
2016).

For our geochemical analyses, we emphasize regional K—Th and
S—Cl concentration trends because these four elements can effectively
discriminate between geologic processes such as volcanism (Baratoux
et al., 2011), subaqueous deposition and subaqueous alteration (Ehl-
mann et al., 2011; Taylor et al., 2006), or dust accumulation that re-
duces spectral responses (Ojha et al., 2018). For example, K and Th are
known to correlate strongly in igneous rocks as incompatible trace ele-
ments, in part due to their incompatibility with cation sites in mafic to
ultramafic silicates (Taylor et al., 2006). K and Th fractionation trends
can also grant insight into prevalence of aqueous alteration of bedrock in
a region (Karunatillake et al., 2006; Sawyer et al., 2000; Taylor et al.,
2006, 2010). K, as a large ion lithophile, is highly mobile in solution,
which contrasts with Th, a much less mobile element due to its high
atomic charge (Albarede, 2009). Therefore, in regions which have been
subjected to high degrees of aqueous alteration, significant fractionation
of K from Th would occur, resulting in a K/Th ratio that is lower than the
martian global average (Taylor et al., 2006). We use such trends to
investigate if aqueous alteration is a dominant process within SCR, a
trend that would arise if NW Arabia functioned as a sedimentary basin or
floodplain, suggested by previous studies (Dohm et al., 2007; Kerber
et al., 2012; Tanaka, 2000).

We also characterize S and Cl abundance within NW Arabia and
compare them to other regions (Fig. 1) to investigate whether their
provenance is most consistent with dust accumulation or volcanic
degassing. S and Cl are notable volatile constituents in terrestrial vol-
canic eruptions and share a similar function on Mars (Diez et al., 2009;
Keller et al., 2006; Gaillard and Scaillet, 2009; Ojha et al., 2018). As
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Fig. 1. Geochemical provinces (Taylor et al., 2010) overlain on a topographic map of Mars. SCR and BSCR derived by us are shown along with three previously
proposed calderas (Siloe, Ismenia, and Eden) by (Michalski and Bleacher, 2013). SCR is meant to represent the regional chemistry that is distinct from the sur-
rounding Arabia Terra and that also overlaps with the four candidate calderas as outlined by Michalski and Bleacher (2013). SCR is surrounded by BSCR whose
outermost boundaries are defined by a change in elevation, and contains rock units that date to the Early, Middle and Late Noachian (Carnes et al., 2017). The black
boxes outline comparative regions for compositional study. Our basin references are Argyre, Hellas and Isidis. Our volcanic reference regions are Thaumasia and
Hesperia Planae and Apollinaris Mons. We also selected a region to the east of Hellas (Eridania) which is composed of heavily eroded fluvial and volcanic material.

More details on region selection can be found in the Supplement.
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such, they can serve as a proxy for eruptive explosivity, and offer subtle
insight into mantle pressure and temperature regimes (Burton et al.,
2009; Edmonds and Wallace, 2017; Ojha et al., 2018; Spilliaert et al.,
2006). However, S and Cl are among the most mobile elements on the
Martian surface, prone to remobilization through episodic events, such
as aqueous alteration processes and atmospheric circulation (King and
McLennan, 2010), making compelling arguments into their origins
difficult. S and Cl have also been used to characterize a global dust
reservoir for Mars, through their consistent molar ratio observed within
heavily mantled locales (Ojha et al., 2018).

In addition to our analysis of the regional geochemistry, we attempt
to estimate the ranges of average density of the lithosphere within the
SCR to assess whether or not the materials there are consistent with a
pyroclastic origin. The density of pyroclastic material on Mars is
generally around 1500-1900 kg m~> (Ojha and Lewis, 2018), whereas
average martian crust density is in general significantly higher, around
2200-2800 kg m 3 (Goossens et al., 2017), with some estimates as high
as 3200-3400 kg m~3 (Baratoux et al., 2014). More recently, it has been
found that the density of the martian crust is between 2850 and 3100 kg
m~3 (Wieczorek et al., 2022). Higher density estimates reflect a crustal
origination from primary igneous material, mostly from extensive
effusive flows to preserve a low crustal porosity (Baratoux et al., 2014).
Lower densities are generally indicative of more friable and porous
materials, such as pyroclastic deposits (Ojha and Lewis, 2018).
Furthermore, volcanism usually correlates with a higher heat flow,
which can be reflected in the elastic thickness of a region. Elastic
thickness describes the effective thickness of the deformable lithosphere
— a proxy for heat flow and lithosphere-mantle coupling. As such, elastic
thickness can offer insight into the thermal environment of a region
(Belleguic et al., 2005; Grott and Wieczorek, 2012; McGovern et al.,
2002).

Our investigations of regional geochemistry involve comparative
analysis between SCR and other geologically unique regions on Mars.
We consider specific regions that are geographically distributed for
chemical comparisons (Fig. 1). Based on the derived SCR age (Supple-
mentary Information, Fig. S1), we identify three contemporaneous

Table 1
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Noachian volcanic provinces as type references for compositional
comparisons: Thaumasia Planum, Hesperia Planum, and Apollinaris
Mons. Our three igneous references also cover a wide range of eruptive
styles, as Apollinaris is inferred to have erupted explosively in its past
(Kerber and Head, 2010) whereas Hesperia and Thaumasia are large
igneous provinces which produced effusive lava flows (Hood et al.,
2016; Tanaka et al., 2014). We also selected several sedimentary ref-
erences (Hellas, Argyre and Eridania Planitia) that have similar ages as
SCR. Our comparative region selections maximize insight from diverse
subaerial sedimentary and igneous processes and minimize bias from
chemical overprinting across proximal regions (Table 1). Details of the
geologic history and chemical interpretation of each region can be found
in the supplement. Our comparative regions are delineated following the
topography and mapped geology (Tanaka et al., 2014) associated with
each comparative region.

3. Results

Of all the regions analyzed in this study, only Apollinaris Mons, Isi-
dis, SCR and BSCR have K/Th ratios that are lower than the crustal
average (Table 1). Of these regions, SCR and BSCR have low dispersions
of K and Th values whereas Apollinaris and Isidis have large dispersion
in their values (Fig. 2A). Individual K abundances for Isidis span from
some of the lowest observed in this study to the highest. It is unlikely
that areal extent is responsible for this, because Isidis and Apollinaris
have a similar areal extent (Table 1), making it more likely that the
observed dispersion of K and Th is underpinned by geologic processes.
For example, Apollinaris’ long active lifetime (Robbins et al., 2011)
would maximize the potential for individual eruptions to exhibit
chemical heterogeneity to each other. SCR’s much lower dispersion in
overall K and Th abundances, and a K/Th similar to the crustal average,
in comparison to similarly enriched regions, are suggestive of a region
not substantially more altered than the whole of the martian surface.

Regions which have a K/Th higher than the crustal average include
Argyre, Hellas, Eridania, Thaumasia and Hesperia Planae (Fig. 2A). A
high K/Th is generally indicative of aqueous alteration on Mars (Taylor

Average chemistry for each martian reference region, spatial extent in chemical map pixels, and geologic analog context for which they served as a reference. Un-
derlying chemical data are the same as used in Figs. 1 and 2. Values for SCR, BSCR and the martian crust are also given. The crustal proxy has SCR and BSCR removed to
reduce sampling bias. Overall, our reference regions are close temporal counterparts to SCR. The mean mass fraction for K, Th, S and Cl is given for all the regions with
K and Th reported in mg/kg and S and Cl reported as percentages (wt%). The ratios for K/Th and S/Cl are calculated from reported elemental weight percent. The 1
sigma error is the standard error of the mean; ratio error is calculated by (K/T ) [(ox/K)? + (61n/Th)?1'/2, where K and Th are the mean concentration of K, Th. The

same applies to S and CI.

Region Name Geologic Analog Age Average Elemental Abundance (K/Th in mg/kg, S & Cl in wt%) (1o error)
(Ga)
K Error Th Error K/Th Error S Error Cl Error S/ Error
Cl
Hellas (48 pixels) Impact formed, sedimentary ~4.1 3007 + 0.41 + 7325 + 2.1 + 0.4 + 5.1 +
basin 145.2 0.06 1138 0.3 0.04 0.8
Argyre (41 pixels) Impact formed, sedimentary ~ 4.0 3021.6 + 049 + 61449 +601 19 + 038 + 5.0 +
basin 107.8 0.04 0.2 0.03 0.7
Isidis (25 pixels) Impact induced magmatism ~ 3860.4 + 0.69 =+ 5625 +477 19 + 049 =+ 3.9 +
3.9-3.8 120.6 0.05 0.2 0.03 0.5
Eridania (14 pixels) Heavily weathered fine- ~ 3099 + 0.5 + 6190.2 £573 19 + 038 + 5.1 +
grained material (multiple 4.0-3.7 92.4 0.04 0.3 0.03 0.8
sources)
Thaumasia Planum Volcanic Site ~ 2657 + 0.4 + 6581.5 +588 20 £ 041 + 4.9 +
(20 pixels) 3.8-3.7 67.3 0.03 0.2 0.03 0.6
Hesperia Planum Volcanic Site ~ 37 2655.5 + 0.44 =+ 6035.2  +581 20 =+ 0.43 =+ 4.7 +
(12 pixels) 81.5 0.04 0.2 0.03 0.6
Apollinaris Mons Volcanic Site ~ 3331 + 104 0.63 + 5325 +451 26 + 0.66 + 3.9 +
(12 pixels) 3.6-3.8 0.05 0.2 0.04 0.4
SCR (Arabia) (23 Proposed Volcanic Site ~ 3990.8 + 0.74 + 5372 +419 2.4 + 0.52 + 4.6 +
pixels) 3.9-3.8 117.6 0.05 0.3 0.04 0.6
Broad SCR (Arabia) Larger region housing SCR ~ 3684 + 0.69 =+ 5336.7 +460 23 £ 0.49 + 4.7 +
(48 pixels) 3.9-3.8 118.7 0.06 0.2 0.03 0.6
Martian Crustal (Excluding SCR and Broad 3523 + 0.61 + 5783.7 +474 22 £ 0.46 =+ 4.8 +
Proxy (1358 SCR) 100.7 0.05 0.2 0.03 0.6

pixels)
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Fig. 2. (A) K and Th values for the entire
crust (light blue), various color-coded re-
gions and mean values (large polygons) with
a linear trend fitted to the entire crust - as
highlighted by the dotted line. SCR and BSCR
are shown as squares, Isidis is represented by
a circle, igneous references as diamonds and
sedimentary references as triangles. Standard
error for average values is displayed in top
left of figure. Isidis, BSCR and SCR are
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etal., 2006), which may suggest that Thaumasia and Hesperia may have
had some degree of secondary alteration after the end of their eruptive
life. In an aqueous alteration environment, K is typically leached from
minerals, leading to a low K/Th (Sawyer et al., 2000; Taylor et al.,
2006). The fluid which is now enriched in K would inevitably flow into
areas of low topography, the majority of which are craters on Mars. We
observe that Hellas, Argyre and Eridania have high individual abun-
dances of K and high K/Th in comparison to SCR and the average
martian crust. It is likely the sedimentary materials in these basins
became further enriched in K, and possibly Th, as fluids interacted with
basaltic rocks and subsequently found their way into the topographic
lows of these basins.

The mean values of S and Cl from Medusae Fossae (MFF) and
Apollinaris Mons account for the highest observed values of both
(Fig. 2B). Our Arabia regions show an intermediate abundance of S and
Cl, compared to MFF, as well as the remaining sedimentary regions
(Argyre, Hellas, Isidis, and Eridania) and volcanoes (Thaumasia and
Hesperia planae). The high S and Cl abundance observed for the MFF
and Apollinaris is attributed to millions of years of volcanic degassing
and capture within the region (Diez et al., 2009; Ojha et al., 2019; Ojha
et al., 2018). Since the MFF represents the accumulation of volcanic
material over geologic timescales, its observed values for S and ClI sug-
gest that volcanism is the only process that can enrich these two ele-
ments to such a high degree at a regional scale. The intermediate values
of S and Cl found in SCR are also suggestive of enrichment through
volcanic degassing. If the S and Cl abundances within SCR are from dust
sourced from the MFF, they should fall within the global dust S/Cl range
(3.0-4.4) which they do not (Table 1). This suggests that the S and Cl
abundances within SCR are from local volcanism, which is capable of
enriching material in these elements.

the global average, and tend to cluster near
each other, independent of provenance. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)

In addition to our geochemical analysis, we also performed an
admittance analysis (see SI for analysis details), which can be used to
determine properties of the crust such as densities and elastic thickness
(Belleguic et al., 2005; Grott and Wieczorek, 2012; McGovern et al.,
2002, 2004). Our admittance analysis over SCR reveals a load density
that is consistent with porous, friable material, with the average density
likely being lower than 2000 kg/m? (Fig. 3B). Additionally, we find that
the elastic thickness in this region is equally low, likely not exceeding 20
km (Fig. 3C). This low elastic thickness suggests stronger mantle-
lithosphere coupling and likely a high heat flow in the region. A
higher heat flow, low elastic thickness and low load density are
consistent with our hypothesis of volcanism within SCR.

4. Discussion

The shared enrichment in K and Th between Thaumasia and Hes-
peria Planae and our sedimentary references may suggest that these
volcanoes have been subjected to aqueous alteration after the end of
their eruptive life. However, since K is more soluble than Th, in order to
for Thaumasia and Hesperia to have a high K/Th emplaced as a result of
aqueous alteration, K-rich fluid must have been transported to each of
these volcanoes and then accumulated to leave a K enrichment. This is
physically unlikely, as each of these volcanoes are topographically high,
and are composed primarily of geologic units attributed directly to their
volcanic activity (Tanaka et al., 2014). Indeed, further investigation of
Thaumasia Planum substantiates that the region’s chemistry is not
reflective of pervasive aqueous alteration (Hood et al., 2016).

It is equally likely that the observed K and Th abundances and K/Th
within SCR (Fig. 2A) is suggestive of its volcanic provenance, not
aqueous alteration. SCR’s low dispersion in K and Th values, and K/Th
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Fig. 3. Localized admittance and correlation between gravity and topography for the Arabia Terra area (centered on —5°E,25°N, for a spherical cap with a radius of
15°), including the best-fit theoretical admittance and models within two times this best fit (A). A shows the best-fit admittance model of our geophysical analyses,
which has a root-mean-square (RMS) of the misfit between the theoretical model and measured admittance of 1.34 mGal/km for our windowed region (SI Appendix,
Fig. S3) (degree range 77-120). The error bounds on the admittance shown in Fig. 3A are computed from the relationship between admittance variance and cor-
relation (Wieczorek, 2008). Histograms of the values for load density (B) and elastic thickness (C) for the models are also included.

ratio which is similar to the crust, are all suggestive of primary igneous
material that has not undergone aqueous alteration. There is also little
evidence for a widespread presence of valley networks within SCR
(Wordsworth et al., 2015), further evidence of limited aqueous alter-
ation. In contrast, a high K/Th ratio is observed for Hellas, Eridania and
Argyre (Table 1), consistent with regional aqueous alteration within the
basins or accumulation of altered material therein (Taylor et al., 2006;
Zalewska, 2013). SCR shows little chemical similarity to any of the
sedimentary regions within the scope of this study (Fig. 2), suggesting
that SCR’s chemistry is unrelated to aqueous alteration. Furthermore,
this also makes it unlikely that SCR’s S abundances are related to sulfate
deposits in aqueous (e.g., fluvial, playa, lacustrine) settings.

The S and Cl values within SCR reflect its volcanic provenance. S
enrichment (Fig. 2B) supports an interpretation that sulfur is either
adsorbed or chemically bound in the soil and regolith from volcanic
degassing, because volcanic materials and gasses are rich in S (Bibring
et al., 2006; Diez et al., 2009; Ojha et al., 2019). Furthermore, we can
eliminate the possibility that dust, which is enriched in S and Cl (Berger
et al.,, 2016), has made a significant contribution to SCR’s S and Cl
abundances. Martian dust has been shown to exhibit a constant molar
ratio (Ojha et al., 2018) which is different from the S/Cl associated with
volcanic degassing (Gaillard and Scaillet, 2009; King and McLennan,
2010; Ojha et al., 2019). Our calculated mean molar S/Cl ratio for SCR
(~4.6) does not fall within the global dust molar ratio range (3.0-4.4)

(Table 1; (Ojha et al., 2018). Additionally, Si and K abundances can
provide additional corroboration, as dust mantled areas are generally
depleted in these elements relative to the average crust (Berger et al.,
2016; Lasue et al., 2018; Viviano et al., 2019). SCR is enriched in both Si
and K (Supplementary Information, Fig. S2) compared to the crustal
average, further discounting compositional contributions from dust
mantling within SCR.

The combined indicators of unaltered igneous material within SCR,
as well as S and Cl abundances inconsistent with martian dust suggest
that SCR was resurfaced by volatile-rich, explosive volcanism. In order
to significantly enrich S and Cl above average crustal values, volcanic
degassing is required. The Medusae Fossae Formation (MFF) has the
highest observed S and Cl values in this study (Fig. 2B), associated with
its origin as a pyroclastic deposit from massive eruptions (Diez et al.,
2009; Ojha and Lewis, 2018). This makes the MFF’s S and Cl abundances
key references for extensive explosive eruptions enhancing the volatile
content of a region (Diez et al., 2009; Ojha et al., 2018). SCR is second in
overall S and Cl abundances to Apollinaris (and by extension the MFF),
which supports volcanic degassing as the primary mechanism which
enhanced S and Cl within SCR (Diez et al., 2009; Ojha et al., 2018). It is
unlikely that the observed S and Cl abundances are a result of localized
weathering of bedrock, as this process is unlikely to substantially enrich
S and Cl (Diez et al., 2009). This is best exhibited in our Eridania
reference location, which contains portions of the Eridania Planitia,
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located on the eastern rim of Hellas. Our Eridania reference exhibits one
of the lowest overall abundances of S and Cl reported in this study
(Fig. 2B) and is composed primarily of weathered volcanic material
(Tanaka et al., 2014). Furthermore, the distinct S/Cl ratios between SCR
and MFF suggest that the pyroclastic deposits that may constitute SCR’s
chemistry do not serve as a major source of martian dust.

The enrichment of HyO along with S and Cl, given the rest of the
chemical context of SCR, is further evidence of an explosive provenance.
H20 enrichment in volcanic tephras and glasses is commonplace,
regardless of whether eruptions were derived from a volatile-rich
magma or if the erupted material interacted with crustal volatiles
prior to expulsion (Henderson et al., 2021). In addition, the mechani-
cally weathered, fine-grained product from these glasses or tephras has
been shown to hold significantly more water than smectites under
martian surface pressure and temperature conditions (Janchen et al.,
2009). The observed HO enrichment likely represents some combina-
tion of volcanically derived H,O-rich glasses or tephras and H,O
adsorption from their mechanically weathered products.

Geophysical modeling results also support the geochemical evidence
for SCR’s supereruptive provenance. We find a relatively low elastic
thickness for SCR of ~15 km (Fig. 3C). This value is consistent with
elastic thickness estimates within the Arabia region from earlier studies
region (Belleguic et al., 2005; McGovern et al., 2004). Karimi et al.
(2016; Fig. 8) and McGovern et al. (2004; Table 1), indicate a thermal
gradient for Arabia exceeding 19 K/km and a heat flow between 47 and
75 mW/m?, a range higher than for some martian volcanoes (McGovern
et al., 2004). This estimate resembles prior heat flow estimates that
report similar elastic thickness values within the Arabia.

Our geophysical analyses also yield a load density for SCR resem-
bling the low densities for MFF (Ojha and Lewis, 2018) and that is
consistent with thick pyroclastic deposits, formed through eruptions of
buoyant magma containing dissolved gasses (McSween Jr., 1994). The
regional load density as obtained from gravity and topography (Fig. 3;
Supplementary Information, Fig. S3) is on average lower than 1900 kg/
m®. Our estimated load density also constrains the amount of degassed
sulfur from eruptions. Using the minimum estimate for erupted volume
(4600 km?) for one patera within SCR (Michalski and Bleacher, 2013),
and an average density of 1800 kg/m® (Fig. 3), we estimate a 8.3 x 108
kg maximum mass of erupted material. Of this total mass, approximately
2.0 x 107 kg is sulfur, based on our measured S abundances within SCR
(average 2.4 wt% S; Table 1). If this mass represents the estimated 30%
of the total S that may have been scavenged by ash, a percentage
consistent with conservative estimates of atmospheric degassing (Ojha
et al., 2019), the remaining mass of sulfur degassed to the atmosphere
would be approximately 6.6 x 107 kg. Considering all four paterae with
volumetrically equivalent concurrent eruptions, the amount of degassed
sulfur increases to 2.6 x 108 kg. For comparison, the Toba eruption, the
largest Quaternary volcanic eruption on Earth, emitted 101°-10'2 kg of
sulfur (c.f. Ojha et al., 2018). If eruptions within SCR were brief and
clustered temporally, such amounts of degassed sulfur alone would have
impacted global climate (Halevy et al., 2007; Rampino and Self, 1992;
Tian et al., 2010). These massive, climate-transforming, volatile and ash
injections into the atmosphere would dramatically affect the stability
and availability of water on the martian surface (Halevy et al., 2007;
Tian et al., 2010). The possible onset of glaciation from ash expulsion
and sulfur degassing (Halevy et al., 2007; Tian et al., 2010) within SCR
would affect surface habitability, likely driving those habitable zones
underground where it was warmer.

A multitude of processes could be responsible for influencing the
melt composition prior to eruption, leading to the observed composition
of the SCR. SCR exhibits enrichments not only in volatile species, but
also in light elements, such as Si, Ca and Al (Supplementary Information,
Fig. S2), the origin of which could be tied to primary melt composition.
Enrichments in Ca and Si are expected, as Noachian primary melts are
enriched in Ca and Si compared to younger melts (Baratoux et al., 2011,
2013). An enrichment in Al is difficult to explain through primary melt
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composition, as the martian mantle is largely believed to be depleted in
Al (Mustard et al., 1997). We also observe an Fe enrichment in SCR,
which could be a result of substantial crystallization as the magma
evolved to produce a melt capable of explosive eruptions (Muir and
Tilley, 1964). On Earth, this process generally favors enrichment of the
major elements (Si, Al, Fe) within the melt at the expense of Mg content
(Carmichael, 1964). Primary magmas are high in Mg and generally may
increase in Fe and Ca during the first steps of fractional crystallization
(Ostwald et al., 2022; Rapp et al., 2013). It is therefore possible that
SCR’s enrichments in Si, Fe, and Ca resulted from continued fractional
crystallization, producing a more evolved melt which was eventually
erupted. Typically, the amounts of fractional crystallization and crustal
assimilation which are tied to magma residence time within a crustal
reservoir correlate to eruptive explosivity (Reid, 2008). A low degree
partial melt produced through prolonged residence time and continued
fractional crystallization is a potential scenario which would result in
explosive eruptions within SCR.

5. Conclusions

It is unlikely that SCR’s chemistry has been influenced primarily by
aqueous processes in the most recent past, as chemical evidence for
aqueous alteration is lacking. K and Th are strongly coupled within SCR,
where a decoupling would be expected if SCR was heavily affected by
aqueous alteration. The K/Th ratio suggests that large floods interacting
with local bedrock are unlikely, and individual Th abundance indicates
low-pH alteration did not largely influence the chemistry of the SCR. In
addition, it is unlikely that SCR functioned as a dust sink for much of its
life due to chemical inconsistencies with other thickly mantled areas
compared to the Martian crust (Supplementary Information, Fig. S1). It
is therefore likely that the observed chemistry in SCR is from a past
episode of volcanism, whose chemistry was unique among contempo-
raneous volcanoes. Our geophysical modeling results support an
increased heat flow within SCR and a load density consistent with py-
roclastic material, both of which are to be expected if explosive erup-
tions occurred.

The unique igneous chemistry within SCR is likely a result of SCR’s
supervolcanic provenance, where the magma could have (1) been
sourced from a chemically distinct mantle or (2) spent significant time
within a reservoir. It is difficult to discern which process dominated
prior to eruptions within SCR. On Earth, the general trend among
explosive eruptions is their infrequent occurrence (Reid, 2008), which is
tied to the magma’s residence time in a crustal reservoir (Solano et al.,
2012). It is feasible that the same phenomenon occurs on Mars and may
have assisted in increasing the explosivity of the eruptions within SCR.
Indeed, the geochemical and geophysical evidence support a super-
eruptive provenance more so than either aqueous alteration or dust
accumulation.
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