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Introduction: The field geologic transect of volcanic terrains at Gusev crater by the Mars Exploration
(MER) rover Spirit has revolutionized our understanding of volcanic rocks, volcanic terrains, and volcanic
processes on Mars. Some of the results will have broad
implications for Mars exploration in general, although
possibly some of these results have escaped wider attention due to the current Mars exploration focus on
aqueous processes. Broadly speaking, driving across
several kilometers of typical lava plains and encountering limited erosion and fine-scale quench textures, and
encountering multiple compositions of basaltic rocks,
including alkali basalts, in a small range of hills in the
middle of an old impact crater in the highlands of Mars
all clearly show that the geology of Mars is far more
complex than imagined. And it illustrates that volcanologically Mars is more diverse and that volcanic
landforms and young rocks are more widespread than
believed previously. The ability to map contacts is also
previously unimagined, yet done during the course of
the traverse. This prevalent volcanic diversity will require significant geologic expertise to deconvolve.
1. Local Records of Regional Volcanism. Gusev crater lies within a significant volcanic province and is
surrounded by younger volcanic rocks and volcanic
vents [Fig. 1]. Mantle melting and recurrence of small-

Figure 1. Gusev slope volcanic province. Spirit’s traverse
in the interior of Gusev crater (circle) lies within a region
where volcanism has been common. It lies between Apollinaris Patera and two small nearby highland volcanoes
Apollinaris Tholus and Zephyria Tholus ( boxes).

scale volcanism are likely to have been important occurred throughout the region over time. Large ancient
impacts such as Gusev have probably represented opportunities for magma ascent and additional smallscale volcanism. This means that that volcanism repre-

Figure 2. Relief of up to 9 meters in Gusev floor plains and
irregular scarps, swells, and depressions other than obvious
impact craters that were observed during traverse to the Columbia Hills are consistent with relief characteristics on
inflated lava flows.

sentative of the highlands type has been a possible
influence on the local geology and chemistry, in addition to (1) the contributions to the local geology of the
Columbia Hills of air fall materials from regional volcanoes such as Zephyria Tholus, Apollinaris Tholus,
Apollonaris patera, and other possible old, steep-sided
volcanic massifs to the east, and (2) the invasion of
crater floor by lava flows from one or more of these
sources in the highlands.
2. Lava flows. During its traverse across the floor of
Gusev crater from the landing site near Bonneville
crater to the Columbia Hills, Spirit did a transect
across a representative Hesperian to late Amazonia
lava plains [Fig. 2]. The surface of the basaltic plains
is widely disturbed by shallow, possibly secondary [1],
impact craters, but some textures and morphologies
common to youthful lava flows are common and estimates of the actual depth of disturbance are less than a
meter.
Shallow structure. There is evidence for minor
weathering and fluid interaction with rocks of the basaltic plains surface [2], in agreement with the apparent
drier and colder environment of Mars since the time of
basalt plains in emplacement on the floor of Gusev
crater. Nonetheless several observations support the
idea that penetration and short to long-term sequestering of fluids may occur in the substrate, particularly in
lava flows, which typical bear complex internal jointing and highly porous basal breccias. The fluids may
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have been in contact with the host rock for periods that
are geologically significant enough to result in substantial alteration of the mineralogy and chemistry of lava
flow interiors.
Primary volcanic terrain characteristics. Numerous
depressions in the plains are likely impact craters. Yet
some anomalous relief [Fig 2] clearly occurs. Comparison of the observed relief with local surface morphology and known characteristics of pristine lava
flows [3] on Earth suggests that some of it may be residual primary relief from original lava flow emplacement, including inflation and collapse features.
3. Volatile-rich basalts? Observed chemistry of basalts by Spirit may offer significant clues about early
volcanism on Mars and why the highland paterae appear so explosive.
Volatiles. The basalts of the Inner Basin are characterized by compositions of ~8.5 wt.% Al2O3 and ~11
wt.% MgO and are grouped with Irvine class basalts
first observed on the flanks of Husband Hill [4]. Irvine class rocks exhibit a diverse range of textures.
Irvine is a massive, aphanitic rock that lacks any evidence of phenocrysts in MI images. It is faceted and
likely sculpted by wind abrasion [5] Other Irvine class
rocks imaged by Pancam and mTES in the immediate
vicinity of Irvine are similar in texture. In contrast,
Irvine class rocks identified in the Inner Basin by
APXS, MB and mTES are highly vesicular basalts.
These include Masada and Esperanza which were subjected to APXS and Gong Gong and Esperanza which
were subject to MB analyses. These rocks exhibit
abundant (20-40%) vesicles and extend to scoriaceous
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textures. Many samples preserve fluidal textures or
variations in vesicularity, tabular zones of low vesicularity, and potential quenched surfaces. Similar textures were observed among the Adirondack class basalts of the Gusev Plains (e.g., Dagwood), but not studied in detail. The Low Ridge rock Orcadas is noteworthy because of its breadcrust surface typical of a basal
quenched surface from a lava flow [6]. At MI scales,
these vesicular basalts show significant wind abrasion,
including infilling of vesicles with dust and sand,
breaching of walls between adjacent vesicles, enlargement of vesicles, and the formation of angular projections. Vesicular rocks also appear to be aphanitic; no
evidence of phenocrysts or clasts were seen either in
MI or super-resolution Pancam images.
Observed Vesicular Basalt Samples. The discovery
of vesicular rocks is remarkable. Between sols 633 and
805 Spirit descended from the summit of Husband Hill
and entered the “Inner Basin”. On its way to Home
Plate it traversed the margins and interior of Lorre and
Mitcheltree Ridges, broad topographic ridges on the
valley floor. Some of the most vesicular basaltic rocks
yet encountered on Mars occur within the Inner Basin
along Mitcheltree Ridge and on Low Ridge south of
Home Plate, the site of Spirit’s winter campaign. These
Irvine-class basalts appear to have been undermined by
general deflation of softer sediments and are topographically inverted, i.e., they appear to cap Mitcheltree
Ridge.
Textures and morphologies are diverse. In addition
to extreme vesicularity of rocks along Mitcheltree
Ridge, many samples preserve fluidal textures or varia-

Figure 3. Highly vesicular basalts on Low Ridge. A. Zang Qian exhibits a prominent slab-like layer of low vesicularity typical of a basal quenched surface. Extreme vesicularity of the rock approaches that of proximal scoria. B. MI mosaic of Esperanza, exhibiting wind-abraded vesicular texture.
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tions in vesicularity, tabular zones of low vesicularity,
and potential quenched surfaces. The latter is of particular value because it may represent a surface that
was in contact with the environment (either ambient
atmosphere or surface) at the time of formation.
Many fragments have migrated down slope, revealing characteristics of the interior of the original
basalt. Orcadas (Fig. 3) is note worthy because the
near face preserves a textbook texture of a basal
quenched surface. This rock was imaged with Pancam
super resolution from two locations, as well as several
orientations with Navcam.
The high-FeO and low-Al2O3 concentrations of
these basalts yield calculated viscosities nearly an order of magnitude less than typical terrestrial basalts.
The fluid nature of these basalts should have allowed
efficient degassing, suggesting that these basalts were
likely quite enriched in volatiles. The association of
these vesicular basalts with both sulfur-rich soils typically formed as hydrothermal deposits and Home
Plate, interpreted as a product of volcanic interactions
with water or ice, supports the contention that the Inner Basin was particularly enriched in volatiles. We
suggest that the differences in texture (e.g., massive,
vesicular, pyroclastic) might all represent different
expressions of volcanism and water/ice interaction.
Our ultimate goal is to understand the volatiles that
formed these vesicles and implications for the paleoenvironmental pressure during emplacement. Initial
calculations suggest that these volatiles could have
formed from only hundreds of parts per million of water in the near-surface environment, with an atmospheric pressure similar to that of modern Mars.
Three small samples of vesicular basalt have been examined with one or more Athena instruments (Masada
[A723], GongGong [A739], and Esperanza [A1059]).
Wind abrasion was significant in all of these. APXS
analyses imply primitive compositions consistent with
very low viscosities [Fig. 4]. Retention of abundant
gas bubbles at these viscosities implies abundant volatiles were present.
3. Affect of ash deposits on ancient terrains. In situ
outcrops within the Columbia Hills are best characterized as fine-grained, sub-horizontally foliated (and
possibly layered) materials that appear to drape over a
substrate of unknown character. Some examples have
poorly sorted and angular micro clasts implying relatively explosive origins either through impact or
volcanism.
Evidence for Explosive Volcanism. Currently the most
comprehensive observations of ash-like are those made
of the lower outcrops of Home Plate, an unusual 80 mdiameter sub-circular elevated bowl within the Columbia Hills (Lower Barnhill, Sols 747-750).
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There are currently two main hypotheses related to
the formation of Home Plate (HP): Volcanic (phreatomagmatic and impact [7]. Evidence in support of the
first hypothesis rather than the second includes scoria,
possibly a volcanic bomb sag [7], and lapilli. However,
individually taken, none of this evidence is conclusive
by itself: For instance, scoria (e.g., Gong Gong) were
found as floats as Spirit was approaching HP and may,
or not, be related to the process(es) that formed HP;
although showing striking resemblance with terrestrial

Figure 4 . Calculated viscosities of Gusev basalts aea a
factor of 2 to 5 times more fluid than terrestrial basalts,
yet extremely vesicular. Either volatile contents were
unusually high, the observed vesicular rocks are vent
proximal, or both

analogs, the putative volcanic bomb lodged in the
Lower Barnhill layered deposits was a unique find;
Typically, whether in outcrops or detached rocks,
this material is compacted and layered:
- Lower Barnhill (Sols 748-753): The lower part of
the outcrop is made of layered, massive deposits, with
a thickness ranging between a few millimeters to about
1.5 cm in places [Fig, 5A]. The deposits are characterized by a high density of < 2mm rounded to spherical
grains embedded in the layers. While their dimension
is theoretically too small for volcanic lapilli on Earth,
lapilli on Mars may be significantly smaller [8] and
their setting, distribution in the deposit, and morphology are consistent with lapilli-rich ash deposits. Where
exposed by erosion, the texture of the massive deposit
shows many µm-cm-scale voids as well as an etched
surface consistent with the heterogeneous, and sometimes vesiculated, nature of agglomerated ash particulates [Fig. 5B].
Summary and Implications for Early Mars: The
gases responsible for extreme vesicularities of lava
flows, explosivity of eruptions and corresponding
widely dispersed fine ash can come from both juvenile
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and non-juvenile sources. Volatiles are known to be
especially high in some alkali basaltic magmas, and
can even be high enough to result in sub-plinian eruption styles in fundamentally low silica alkali basaltic
magmas [e.g., 10]. The high alkali nature of the Inner
Basin basalts [5] may be significant in this respect.
Alternatively, gases introduced in the shallow environment through interaction with any volatile saturated
zone is a relatively common contributor to excess
vesiculation in terrestrial volcanoes, a process characterized by distinct ash-rich deposits (tuff rings, maars).
We cannot currently distinguish between the two

Figure 5. A . Barnhill outcrop, Sol 750 (2M192958525).
1.5 cm thick outcrop made of material composed of fine,
compact, matrix below resolution. Many spherules (examples highlighted with white circles) are included in the matrix. Where erosion has exposed the inner texture the material, the surface is etched shows many voids. This morphology and texture is even more pronounced in B showing
material at the base of HP on Sol 1157 (2M1229075474).
C. The rock Posey, Sol 753 (2M193210186). Many dark
rounded grains are included. Their size is consistent with
spherical particles observed in the soil in increased abundance as Spirit approached HP. Thick and thin layers alternate and are accentuated by differential erosion.

potential sources of volatiles for the Inner Basin volcanic rocks, because the characteristics of basaltic
eruption dynamics on Mars [8, 11] imply that a magma
sufficiently enriched in juvenile volatiles, as suggested
for the alkali basaltic compositions of the Inner Basin,
may be difficult to distinguish from the case of nonjuvenile enrichment in the shallow environment [12].
Early studies showed that a martian “cinder cone”
formed with volatile abundances approaching typical
terrestrial abundances would be indistinguishable from
terrestrial vulcanian and plinian monogenetic structures, such as maars.
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