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ARTICLE INFO ABSTRACT

Associate editor: Tomohiro Usui Petrogenetic models of martian magmas reflect the compositional, thermal, and geodynamical evolution of its
interior. Most models for shergottite meteorites, which sampled relatively young martian basalts, invoke partial
melting in a mantle plume head and filtering of the magma through the crust. Olivine-phyric, poikilitic, and
olivine-gabbroic shergottites contain large, Mg-rich olivine crystals that record their parent magma history and
are generally regarded to form initially in slow cooling, near-equilibrium environments in the lower crust. Here
we report the unexpected common occurrence of Mg-rich olivine crystals with chained, mantled dendritic, and
skeletal morphologies that reflect rapid growth, requiring relatively large degrees of undercooling and possibly
moderate to fast cooling rates. Novel 3D analysis of crystal textures and core Fe-Mg content demonstrates that
Dendritic chained and mantled dendritic olivines in enriched shergottites are among the earliest-formed crystals, indicating
Rapid growth rapid crystal growth during initial magma pooling in the lower crust, a process that has not been documented in
Mars Earth basalts. In geochemically depleted shergottites, skeletal olivines appear later in the crystallization
sequence, but before the final eruption and solidification. Geochemically intermediate samples do not contain
rapid-growth olivine, indicating extended equilibrium growth. The frequent occurrence of chained, mantled
dendritic, and skeletal olivines in enriched and depleted shergottites suggests that the conditions needed for
rapid growth are common for mafic magmatism on Mars, and that these magmas experience complex thermal
histories characterized by discrete episodes of large undercooling at depth.
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1. Introduction

Igneous processes on Mars provide a window into the planet’s in-
ternal structure and thermal profile. Such processes can be studied
through textural and mineralogical analysis of martian shergotti-
tes—largely mafic to ultramafic rocks with a variety of igneous textures
(e.g., Udry et al., 2020). The olivine-phyric, poikilitic, and olivine
gabbroic shergottite subclasses contain large (up to ~ 3 mm) olivine
crystals that grew over a wide range of thermodynamic conditions. Their
texture and composition record the physico-chemical evolution of their
parent magma from initial crystallization to final emplacement, making
them especially useful for tracking magmatic processes throughout the

martian crust.

The large, Mg-rich olivine crystals within olivine-phyric, poikilitic,
and olivine gabbroic shergottites are the first silicate phases to crystal-
lize from their parent magmas, which is thought to occur in staging
magma chambers within the martian crust (e.g., Filiberto et al., 2010;
Gross et al., 2013; Howarth et al., 2014; Liu et al., 2016). Thermo-
barometric work using the Al/Ti-in-pyroxene model and/or thermody-
namic phase diagram calculations of multiply-saturated phases indicates
that olivine crystallization within all three of these shergottite subclasses
initiated at 40 km to 85 km deep and ~ 1390 °C to 1500 °C, corre-
sponding to depths in the middle to lower crust, and possibly at/near the
crust-mantle boundary (Musselwhite et al., 2006; Usui et al., 2008;
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Filiberto et al., 2010; Usui et al., 2012; Balta et al., 2013; Gross et al.,
2013; Howarth et al., 2014; Balta et al., 2015; Basu Sarbadhikari et al.,
2016; Liu et al., 2016; Dunham et al., 2019; Rahib et al., 2019; Udry
et al., 2020). After this initial growth phase at depth, the olivine-phyric,
poikilitic, and olivine gabbroic shergottites experienced varied petro-
genetic histories, described below.

Olivine-phyric shergottites have a porphyritic texture of large (from
~ 0.5 mm to 3 mm) Mg-rich olivine crystals, commonly referred to as
megacrysts, set in a finer-grained groundmass of mostly pyroxene and
plagioclase (shocked to maskelynite) (e.g., Barrat et al., 2002; Goodrich,
2002; Usui et al., 2008; Basu Sarbadhikari et al., 2009; Filiberto et al.,
2010; Gross et al., 2013; Liu et al., 2013; Ennis and McSween, 2014;
Balta et al., 2015; Liu et al., 2016; Dunham et al., 2019). Megacryst
olivine began to crystallize within magma chambers in the middle to
lower crust, but the duration of olivine growth at depth varied and the
relationship of olivine crystals to the final host magma is debated (Barrat
et al., 2002; Goodrich, 2002; Basu Sarbadhikari et al., 2009; Liu et al.,
2013; Ennis and McSween, 2014; Balta et al., 2015; Basu Sarbadhikari
et al., 2016; Liu et al., 2016; Dunham et al., 2019). These authors have
variably interpreted megacryst olivine as xenocrysts (i.e., foreign crys-
tals that are petrogenetically unrelated to their final host magma),
phenocrysts (i.e., crystals that grew directly from their final host
magma), or antecrysts (i.e., crystals that grew from the same magma
system, but from an earlier, less evolved magma) based on textural and
geochemical analyses. They have also noted that megacryst olivine
generally display normal magmatic zoning of decreasing Mg content
from core-to-rim, and occasionally high Fe content in thin rims. The
shape and amplitude of core-to-rim Mg zoning patterns vary from
sample-to-sample, which are interpreted to reflect Mg/Fe diffusion
during differing residence times at elevated temperatures. Regardless of
their origin, these crystal-laden magmas ascended through the crust,
where olivine nucleation and growth likely continued from a more
evolved melt, and were then either injected into the shallow subsurface
or erupted onto the surface where the finer-grained groundmass crys-
tallized and Fe-rich olivine rims formed around some samples during a
final rapid cooling period. Poikilitic shergottites have large (cm-sized)
irregularly shaped pyroxene crystals, referred to as oikocrysts, that
enclose olivine chadacrysts (up to ~ 3 mm). These pyroxene-olivine
assemblages formed in magma chambers in the middle to lower crust
and were then entrained in an ascending magma. They were emplaced in
the subsurface where a coarse-grained groundmass of mostly olivine,
pyroxene, and plagioclase (shocked to maskelynite) crystallized (e.g.,
Usui et al., 2010; Howarth et al., 2014; Rahib et al., 2019). Olivine-
gabbroic shergottites are a relatively new classification characterized
by large, early-formed pyroxene (up to ~ 5 mm) and olivine (up to ~ 2
mm) that co-crystallized in magma chambers in the middle to lower
crust and were then entrained in an ascending magma and emplaced
near the surface where a medium- to fine-grained groundmass of mostly
plagioclase (shocked to maskelynite) crystallized (Benaroya et al.,
2024).

The early-formed olivines in olivine-phyric, poikilitic, and olivine-
gabbroic shergottites have large sizes, euhedral to subhedral shapes,
and chemical zoning that are generally interpreted to reflect long resi-
dence times of hundreds of days (Peslier et al., 2010; Ennis and
McSween, 2014; Liu et al., 2016; Rahib et al., 2019), slow cooling rates
of ~ 0.2 —-2.0 °C/h (Basu Sarbadhikari et al., 2009; Ennis and McSween,
2014; Balta et al., 2015), and near-equilibrium conditions (Basu Sar-
badhikari et al., 2009; Peslier et al., 2010; Usui et al., 2010; Gross et al.,
2011; Gross et al., 2013; Dunham et al., 2019; Mari et al., 2020) during
growth at depth. However, previous work in many terrestrial environ-
ments has shown that large, well-formed olivine with a polyhedral
external morphology, like those described in the shergottites above, can
grow rapidly, as evidenced by internal skeletal textures and/or dendritic
chemical zonation patterns, specifically P, Cr, and Al (Mattioli et al.,
2006; Welsch et al., 2013; Welsch et al., 2014; Shea et al., 2015; Xing
et al., 2017; Mourey and Shea, 2019; Albert et al., 2020; Salas et al.,
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2021).

Evidence for rapid growth can also be preserved through various
external crystal morphologies. In early experimental work detailing
olivine growth, Donaldson (1976) identified ten olivine morphologies
and showed that there is a systematic correlation between crystal
morphology and degree of undercooling and cooling rate. It was later
shown by Faure et al. (2003) that there are only four primary mor-
phologies depending on how the crystal is oriented — polyhedral,
tabular, skeletal, and dendritic. Polyhedral olivine has well-defined
faces and may contain spherical or elongated inclusions. Tabular
olivine has well-defined faces, but with preferential growth along the a-
and c-axes. Skeletal olivine, which are often called hopper olivine, has
an hourglass morphology elongated along the a-axis. The top and bot-
tom of the hourglass shape (i.e., “hoppers”) are hollow and remained in
contact with the surrounding melt. Dendritic olivine forms a variety of
shapes, but generally contains thin bars or rods growing along the a-c
plane from a central nucleus towards the crystal corners, sometimes
with repeating and parallel branches.

Olivine with tabular, hopper/skeletal, and dendritic external mor-
phologies, or polyhedral olivine with internal dendritic chemical zona-
tion patterns, reflects relatively rapid growth rates due to moderate to
extreme overstepping of crystallization conditions (e.g., Donaldson,
1976; Sunagawa, 1981; Faure et al., 2003; Mourey and Shea, 2019; Shea
et al., 2019), usually linked to relatively large degrees of undercooling
(AT = Tiiquidus — Tsystem) that are generally associated with, but not
exclusively caused by, moderate to fast cooling rates. Such conditions
are expected in extrusive settings, but only recently have these textures
been documented in shallow magma chambers or during rapid magma
ascent on Earth (Mattioli et al., 2006; Welsch et al., 2013; Mourey and
Shea, 2019; Albert et al., 2020; Salas et al., 2021).

Despite the growing evidence for rapid crystal growth of megacryst-
sized olivine in terrestrial environments, such evidence in shergottites
has been limited. Early-formed polyhedral olivines with internal den-
dritic chemical zonation patterns are present in Allan Hills (ALHA)
77,005 (Milman-Barris et al., 2008) and Dhofar (Dho) 019 (Ennis and
McSween, 2014), and only three thin sections containing olivines with
putative skeletal or hopper external morphologies have been docu-
mented: two sections of Larkman Nunatak (LAR) 06,319 (Basu Sarbad-
hikari et al., 2009 — Fig. 1; Peslier et al., 2010 — Sec. 4.2.1) and one
section of Tissint (Balta et al., 2015 — Fig. 2f).

Here we report the results of a novel 3D survey of the olivine crystal
populations in fourteen shergottites with large, early-formed olivine
using X-ray computed tomography (CT). We document the widespread
occurrence of previously unrecognized olivine morphologies that are
indicative of rapid growth. Combined with a sample-wide analysis of
approximate forsterite (Fo) content at the true crystal core and crystal
size in seven samples, we identify crystallization sequences that allow us
to infer distinct relative thermal histories of the shergottite parent melts
that are correlated with geochemical signatures. Olivines with rapid-
growth morphologies are likely to be a ubiquitous feature in shergot-
tites, which sample relatively young basalts, and possibly in older
igneous martian rocks, indicating that there have been planet-wide
processes leading to rapid olivine growth occurring over much of
Mars’ history.

2. Materials and methods
2.1. Materials

Chips of fourteen shergottites with large, early-formed olivine from
the ANSMET collection (Larkman Nunatak [LAR] 06319,75; LAR
12011,54A; LAR 12095,40A; LAR 12240,27; Elephant Moraine [EETA]
79001,536 lithology A; and Roberts Massif [RBT] 04261,0), Dupont
meteorite collection at the Chicago Field Museum (Tissint), and private
dealers (Northwest Africa [NWA] 1068; NWA 7397; NWA 7755; NWA
11043; NWA 12241; NWA 13227; and NWA 14017) were obtained for
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this study (Tables 1 and S1; supplementary text).

Eight samples (LAR 12095, LAR 12240, Tissint, EETA 79001, LAR
12011, LAR 06319, NWA 1068, and NWA 14017) are classified as
olivine-phyric (Table 1). LAR 12095 and LAR 12240 as well as LAR
06319 and LAR 12011 are paired samples. Five samples (NWA 12241,
RBT 04261, NWA 7397, NWA 11043, and NWA 7755) are classified as
poikilitic. This shergottite subclass is commonly characterized by “poi-
kilitic” and “non-poikilitic” domains, which refer to the early-formed
pyroxene-olivine assemblages and the later formed groundmass pha-
ses, respectively. As such, we refer to olivine that is three-dimensionally
enclosed by a pyroxene oikocryst as “poikilitic olivine” and olivine in the
groundmass as “non-poikilitic olivine”. NWA 13227, which is a newly
classified sample, is an olivine-gabbroic shergottite (Benaroya et al.,
2024).

Further classification of shergottites into geochemically enriched,
intermediate, or depleted categories is based on measured radiogenic
isotopic ratios and light rare earth element concentrations that mostly
reflect their mantle sources (e.g., Symes et al., 2008; Shafer et al., 2010;
Lapen et al., 2017). Other factors, such as the number of distinct mantle
sources and potential input from a crustal component, add further
complications to the cause of these different geochemical categories (e.
g., Udry et al., 2020). The samples in this study represent all three
geochemical categories: enriched, intermediate, and depleted (Table 1).
There is no correlation between the lithological and geochemical clas-
sifications (e.g., not all olivine-phyric shergottites are geochemically
depleted).

2.2. X-ray computed tomography (CT) scanning

X-ray CT scanning was performed at the Astromaterials X-ray
Computed Tomography Lab at NASA Johnson Space Center using a
Nikon XTH 320 and at the University of Texas High-Resolution X-ray
Computed Tomography Facility (UTCT) using either a custom-built
North Star Imaging scanner or Zeiss 620 Versa. All three instruments
produce the same type of data, but at different resolutions. Scanning
conditions are summarized in Table S1. Software corrections were used
to reduce beam hardening and ring artifacts during reconstruction. The
final reconstructed data are output as a contiguous series of 2D 16-bit
grayscale images (slices), which together comprise a 3D grid of cubic
voxels (3D pixel) (Table S1). Each voxel’s grayscale value, which we
refer to as CT #, reflects the effective X-ray attenuation of the material
comprising that voxel, which is a function of a material’s atomic number
(Z) and density, as well as X-ray energy. Phases with a higher relative X-
ray attenuation (i.e. high-Z and high density) are generally visualized
with brighter gray values (i.e., higher CT #) (Ketcham and Carlson,
2001).
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2.3. CT data processing

We use Dragonfly™ software (Object Research Systems) to visualize
CT data along obliquely oriented slices, create 3D volume renderings,
measure sample volumes, crystal interfacial angles, and crystal axes
lengths, and determine a crystal’s mean central CT #.

2.4. Olivine crystallographic indexing

X-ray CT produces a 3D image of crystal shapes, which we use to
derive the orientations of crystallographic axes based on interfacial
angles between faces (i.e., Steno’s 1st principle). As almost all olivine
crystals in these samples are euhedral and have intact, or partially intact,
exteriors, we measure the angle between crystal faces in 3D and
compare them to known interfacial angles to determine the orientation
of the crystallographic axes. See the supplementary information for
crystallographic indexing methods.

2.5. Measuring olivine axis length and approximate Fo content

We measured the a-, b-, and c-axis length of 22-29 olivines with
different morphologies per sample in LAR 12011, LAR 06319, RBT
04261, NWA 7397, LAR 12095, LAR 12240, and Tissint (Table 1 and
S2). Only complete olivine crystals were measured; any olivine trun-
cated by the sample boundary was excluded. The largest complete
olivine (determined by the analyst) in each sample was included. A
marker was placed on each olivine after measurement so that the same
crystal was not counted more than once. The other seven samples were
excluded from this analysis because their thin, slab-like shapes meant
there were few complete crystals.

Within each of the olivine [(Fe,Mg),SiO4] crystals from the seven
analyzed samples mentioned above, we measured the mean CT # (i.e.,
grayscale value) at the true crystal core (Table S2) and converted those
to approximate forsterite (Mg-endmember) content (Fo = molar 100 x
MgO/[MgO + FeOl). We describe the conversion method below and in
Appendix A and Tables S3 and S4. This technique takes advantage of the
strong contrast in X-ray attenuation between Mg and Fe, and the ability
to confidently locate the geometric center of each grain in 3D, which
allows us to estimate the approximate Fo content of the true crystal core.
Conversely, traditional thin/thick sections are typically prepared by
random cutting with no 3D context, meaning the cut surface may not
expose a true central plane. As such, without 3D context from CT
scanning, only apparent crystal core and core-to-rim profiles can be
analyzed on thin/thick sections.

The CT # at the true crystal core (Table S2) was determined by taking
the mean CT # of a circle (~5 voxels in radius) in the middle of the
central a-c plane. Inclusions (melt inclusions and oxide/sulfide in-
clusions) and fractures on the measured slice and several slices above

Table 1

Sample classification, olivine morphologies present, and Focr measurement performed.
Sample Classification Skeletal Mantled Dendritic Chained Focr Measured

Lithology Geochemistry

LAR 12095 Olivine-phyric Depleted X X
LAR 12240 Olivine-phyric Depleted X X
Tissint Olivine-phyric Depleted X X
EETA 79001 Olivine-phyric Intermediate
LAR 12011 Olivine-phyric Enriched X X X
LAR 06319 Olivine-phyric Enriched X X X
NWA 1068 Olivine-phyric Enriched X X
NWA 14017 Olivine-phyric Unknown
NWA 13227 Olivine gabbroic Enriched X
NWA 12241 Poikilitic Intermediate
RBT 04261 Poikilitic Enriched X X
NWA 7397 Poikilitic Enriched X X
NWA 11043 Poikilitic Enriched X
NWA 7755 Poikilitic Enriched X
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and below were excluded so that only olivine was measured and local
partial volume and blurring effects were avoided (Ketcham and Mote,
2019). The mean CT # was then converted to approximate Fo content,
hereafter referred to as Focr, using direct CT # — Fo calibration or
calibration using literature Fo data.

We generated direct CT # — Fo calibration curves using EPMA
analysis of olivines in sections cut with corresponding CT data (Fig. 1;
Table S3). We used the CT data for LAR 12095 and LAR 12011 to prepare
polished thick sections (LAR 12095,50 and LAR 12011, 61) that bisected
the middle of the largest olivine crystal that did not touch the sample
boundary (Fig. 1). Core Fo content was measured on 5 and 7 olivine
crystals in LAR 12095 and LAR 12011, respectively, using a CAMECA
SX-100 at NASA Johnson Space Center. Analytical details are found in
the supplementary material. The CT slices that corresponded to the thick
section surfaces were manually found using Dragonfly™ software and
the CT # was measured at the corresponding EPMA analysis site using
small (25 pm to 100 um radius) circular regions-of-interest (ROI)
(Fig. 1). We used these ground truth data to create calibration curves
that show there is a linear relationship between CT # and Fo content
within the CT datasets for LAR 12095 and LAR 12011 (R? = 0.97 and
0.98, respectively) (Fig. S1). The calibration curves were then used to
convert the CT # that was measured in other olivines throughout the rest
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of LAR 12095 and LAR 12011 to FoCT content (Table S2).

The second approach is to generate CT # — Fo calibration curves
using published olivine core and rim Fo values measured with EPMA
(Table S4) (Basu Sarbadhikari et al., 2009; Usui et al., 2010; Howarth
et al., 2014; Liu et al., 2016). We used the minimum and maximum
literature Fo values for the pairing groups LAR 12095/LAR 12,240 and
LAR 06319/LAR 12011. The highest EPMA-measured core Fo value
corresponded to the lowest core CT #. Another ~ 5 voxel radius circle
was used to calculate the mean CT # of rims of five olivine crystals from
each sample. The highest mean rim CT # corresponded to the lowest
EPMA-measured olivine rim Fo value. The EPMA-measured Fo values
and the mean CT # values for the most Mg-rich core and least Mg-rich
rim were used to create a linear conversion of CT # to approximate
Focr content at each crystal’s true core for every sample (Table 54).

We tested the reproducibility of the two approaches on LAR 12095
and LAR 12011. FoCT data determined using the literature’s Fo Min/
Max conversion, referred to as “FoCT-literature”, are almost identical to
the FoCT determined using the ground truth data conversion, referred to
as “FoCT-ground truth”, in LAR 12011. The average difference between
FoCT-ground truth and FoCT-literature is —1 (range from —2 to + 1)
(Fig. 52). The average difference between FoCT-ground truth and FoCT-
literature in LAR 12095 is —2, but the range is much larger, from —8 to

EPMA

LAR 12095

=)
ol
=4
=
-

1 mm

a

20489

21220

24469" »

2019

Fig. 1. Correlated EPMA and CT # in olivine. Backscatter electron (BSE) mosaic images (left) and the corresponding X-ray CT slice (right) for LAR 12095 (top) and
LAR 12011 (bottom). Olivine Fo content and CT # (yellow text for both) were analyzed at the same spots on the thick section and corresponding CT slice,

respectively.
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+ 5 (Fig. S2). A likely cause for this discrepancy may be that LAR 12095
(and its pair LAR 12240) are relatively unstudied samples and that thin
section analysis of core and rim Fo content may not provide a repre-
sentative range compared to what can be measured when evaluating a
larger sample volume with CT. A limited Min/Max literature range
limits the FoCT range, but the overall trends in FoCT contents vs. crystal
size (Fig. S3) and their interpretations do not change.

LAR'06319
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3. Results
3.1. New olivine morphologies in shergottites

Most samples in this study have been extensively examined by pre-
vious researchers, including detailed petrographic and petrologic ana-
lyses of traditionally prepared thin/thick sections (e.g., Barrat et al.,
2002; Goodrich, 2003; Basu Sarbadhikari et al., 2009; Usui et al., 2010;
Howarth et al., 2014; Balta et al., 2015; Liu et al., 2016; Dunham et al.,

-

NWA 1068

>

LAR'12011 »

LAR 12240

Fig. 2. Rapid-growth olivine. CT slices from central sections of olivines oriented orthogonally to the b-axis (i.e, [010]). A — B (chained); C — O (mantled dendritic); P
— T (skeletal). NP = non-poikilitic domain; P = poikilitic domain. All scale bars are 1 mm.
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2019; Rahib et al., 2019; Benaroya et al., 2024). The goal of this work is
to describe new features in the olivine crystal population that are best, or
only, seen in 3D.

We observed a subset of olivines with skeletal, mantled dendritic, or
chained morphologies (described below) in eleven of the fourteen
samples (Figs. 2 and 3; Table 1). Morphologies were ascertained by
visualizing the 3D data along diagnostic planes, such as orthogonal to
the b-axis (i.e., [010]; [010] is the zone orthogonal to the (01 0) crystal
face). Olivines with these morphologies represent a small portion
(usually less than ten for the samples < 1000 mm?®) of the total olivine
crystal population with the chained olivine representing the least com-
mon form among these three morphologies. Other morphologies, such as
equant polyhedral that either have no melt inclusions or small, spherical
ones, and tabular polyhedral with one or more large, elongated melt
inclusions are more commonly found in all samples (Fig. 3).

Skeletal olivine have externally skeletal morphologies characterized
by primary branches of olivine extending from the crystal center along
the central [010] plane to the crystal corners {101} with repeating
branches that are parallel to the crystal exterior and extending along the
b-axis to form a 3D frame (Fig. 2P — 2T and 3). When viewed from all
different directions, the sides of skeletal olivines in all samples are not
fully closed and instead have reentrant features and hoppers that
allowed the interior to remain in contact with the melt (Fig. 3). As such,
the skeletal olivine in random 2D slices often retains skeletal forms or
contain reentrant melt features (Fig. S4). Skeletal olivine is found in LAR
12095, LAR 12240, Tissint, and LAR 06319 (Table 1).

When viewing the central plane orthogonal to the b-axis, mantled
dendritic olivine has four primary branches, or dendrites, emanating
from the crystal center to its corners {101} forming a central ‘X’ shape
with approximately 70°/110° angles that are connected by four sides,
resulting in an external polyhedral habit (Fig. 2C — 20 and 3). As such,
four large melt inclusions are trapped in cavities between the dendrites
and the external crystal faces. The dendrites and melt inclusions are ~
100 pm-thick planar features only viewable along the central a-c plane
that are isolated and enclosed by exterior surfaces in 3D (Fig. 3).
Mantled dendritic olivine is found both poikilitically enclosed within
pyroxene oikocrysts and in the coarse-grained groundmass of the poi-
kilitic shergottites. Mantled dendritic olivine is found in LAR 12011,
LAR 06319, NWA 1068, NWA 13227, RBT 04261, NWA 7397, NWA
11043, and NWA 7755 (Table 1).

Chained olivine is similar to the mantled dendritic olivine; there is a
primary arm of an “X” along the central [010] plane but instead of
another intersecting arm, there are repeating and parallel branches
along the length of the main arm that still intersect at 70°/110° angles
(Fig. 2A — 2B and 3). Both the main bar and parallel branches extend
towards the crystal corners {101} and are connected by thicker,
mantling olivine forming an external polyhedral habit but much more
elongated than the mantled dendritic form. Melt inclusions and, in some
areas, infiltrating groundmass, are trapped in cavities between the
branching olivine network and the external crystal faces (Fig. 3). When
viewing planes orthogonal to the a- and c-axis, it becomes apparent that
these features are formed by several olivine linked together. They form
“H-shaped” crystals connected by a “cross-bar” that were documented
and referred to as chained olivine by (Donaldson, 1976) (Fig. 3).
Mantled dendritic and chained olivine morphologies have never been
observed in shergottites before. Random 2D slices of olivine with these
morphologies would likely not provide a clear indication of their in-
ternal structures (Figs. 2, 3, and S5). Only two instances of chained
olivine were found in our studied samples; one crystal in NWA 1068 and
the other in LAR 12011.

3.2. HYPERLINK “SPS:id::Sec1” Observed trends in olivine crystal
population correlated with geochemistry

In addition to discovering new olivine morphologies, we observe
systematic textural differences in the olivine crystal populations based
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on geochemical classification. These olivine trends, described in the
following paragraphs, are best observed dynamically by viewing videos
of the entire CT dataset, as provided in the supplementary material,
rather than as static images.

Olivines with mantled dendritic or chained morphologies are only
found in the enriched shergottites and LAR 06319 is the only enriched
sample with skeletal olivines (n = 2). Skeletal olivines are not found in
LAR 12011 (paired with LAR 06319). Within these enriched samples,
the largest olivine crystals often have either chained or mantled den-
dritic (or skeletal in LAR 06319) morphologies and almost every olivine
with a long axis of > 1 mm has at least one large and elongated melt
inclusion. Such morphologies are common but not universal, as large
polyhedral olivine crystals can be found in enriched, poikilitic samples.

The largest olivine crystals in the depleted samples exclusively have
equant and polyhedral morphologies with no or only small and spherical
melt inclusions. Olivines with skeletal morphology or with large and
elongated melt inclusions in the depleted samples are always smaller
(<1.5 mm long axis).

Nearly every olivine in the intermediate samples is equant poly-
hedral, and small, spherical melt inclusions are rare. We found no
olivine crystals with large and elongated melt inclusions, skeletal,
mantled dendritic, or chained morphologies in intermediate samples.

3.3. Olivine crystal length and core composition

To best compare crystal size (Fig. 4), we use a sphere-equivalent
radius, (i.e., the radius of a sphere that equals the crystal’s volume)
instead of a specific axis length because it has been shown that olivine
axial ratios can vary as a function of degree of undercooling (Mourey
and Shea, 2019). The volume of each crystal was approximated as an
ellipsoid with radii equal to the measured crystal axis half-lengths, and
thus incorporates melt inclusions and embayments in skeletal and
chained olivines. Digitally segmenting and measuring the exact volume
of each crystal was not feasible for these samples.

Our data show positive relationships between core Focr content and
crystal size in the five olivine-phyric shergottites and the poikilitic
olivine in poikiltic shergottite RBT 04261 (Fig. 4). LAR 12095 and LAR
12240 show strongly linear relationships and LAR 12011, LAR 06319,
and Tissint show linear relationships that flatten at larger crystal sizes.
No such relationship exists for the non-poikilitic olivine in RBT 04261
and NWA 7397 and the poikilitic olivine in NWA 7397.

Within enriched and paired olivine-phyric shergottites LAR 12011
and LAR 06319, the mantled dendritic and elongated melt inclusion
olivines have similar Focr values (combined average Focr = 69 and 74,
respectively) (Fig. 4; Table S2), both of which are elevated compared to
the polyhedral olivines (average Focy = 59 and 63, respectively). The
two skeletal olivine, which are only in LAR 06319, have a slightly lower
average Focr of 70, but have the longest average sphere-equivalent
radius length of 0.58 mm. The mantled dendritic olivines have the
second largest average sphere-equivalent radius (LAR 12011 = 0.55
mm; LAR 06319 = 0.44 mm) followed by the olivine with an elongated
melt inclusion (LAR 12011 = 0.41 mm; LAR 06319 = 0.43 mm) then the
polyhedral olivines (LAR 12011 = 0.21 mm; LAR 06319 = 0.19 mm).
The chained olivine in NWA 1068 and LAR 12011 were not measured
because they were truncated by the sample boundary, but, even in their
incomplete form, are still longer than any other crystal in their respec-
tive samples.

Of the olivines that are included within the poikilitic assemblages of
enriched poikilitic shergottites RBT 04261 and NWA 7397, the mantled
dendritic olivines are larger (average sphere-equivalent radius = 0.59
mm and 0.53 mm, respectively) than the olivines with an elongated melt
inclusion (0.32 mm and 0.24 mm, respectively) and polyhedral olivines
(0.47 mm and 0.26 mm, respectively). Despite the differences in sizes,
the mantled dendritic (average Foct = 67 and 63, respectively), elon-
gated melt inclusion (average Focr = 66 and 68, respectively), and
polyhedral (average Foct = 64 and 67, respectively) olivines all have
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Fig. 3. Orthogonal 2D and 3D views of olivine morphologies. Examples of olivine with polyhedral (LAR 12095), elongated melt inclusion (MI) (LAR 06319), skeletal
(Tissint), mantled dendritic (LAR 12011), and chained (NWA 1068) morphologies. Each column is showing the same crystal but from a different orientation.
Grayscale CT slices are oriented to expose the central plane along [010], [001], and [100]. 3D volume renderings are oriented in the same viewing direction as the
corresponding CT slice above. Dark phases in the CT slices are trapped melt (elongated MI, mantled dendritic, and chained) or infiltrating groundmass (skeletal).

Lighter material in the CT slices is olivine. Trapped melt is red in the 3D renderings and olivine is transparent green (elongated MI, mantled dendritic, and chained) or
opaque green (polyhedral and skeletal). All scale bars are 0.5 mm.
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Fig. 4. Approximate Focr content at the true crystal core vs. length of sphere-equivalent radius olivines with different morphologies. Sphere-equivalent radius is
based on a crystal volume that equals the volume on an ellipsoid with radii lengths corresponding to the measured a-, b-, and c-axis lengths. Polyhedral olivine refers
to grains of equant to tabular morphology with few, if any, rounded melt inclusions, and no elongated melt inclusions. Olivine with elongated melt inclusion refers to
grains of tabular morphology with elongated melt inclusions and no rapid-growth features (i.e., central dendrites) like those found in the dendritic/skeletal olivine.
‘Poikilitic’ refers to olivine chadacrysts that are three-dimensionally enclosed by pyroxene oikocrysts and ‘non-poikilitic’ refers to groundmass olivine. See methods
and Table S4 for CT# to Focr conversion and Table S2 for Focr values and sphere-equivalent radius lengths.

similar average Focr values.

The non-poikiltic mantled dendritic, elongated melt inclusion, and
polyhedral olivines in both RBT 04261 (average Focr content = 64, 64,
and 65, respectively; average sphere-equivalent radius length = 0.68
mm, 0.88 mm, and 0.76 mm, respectively) and NWA 7397 (average Focr
content = 64, 65, and 64, respectively; average sphere-equivalent radius
length = 0.61 mm, 0.47 mm, and 0.40 mm) have similar average Focr
contents and crystal sizes regardless of crystal morphology.

Within the depleted olivine-phyric shergottites LAR 12095, LAR
12240, and Tissint, the polyhedral olivines always represent the highest
Focr contents and largest sphere-equivalent radius lengths and span the
largest ranges of Focr contents (LAR 12,095 Focr from 50 to 78; LAR
12240 Focr from 58 to 73; Tissint Focr from 44 to 80) and crystal sizes
(LAR 12,095 sphere-equivalent radius lengths from 0.12 mm to 0.90
mm; LAR 12240 sphere-equivalent radius lengths from 0.14 mm to 0.94
mm; Tissint sphere-equivalent radius lengths from 0.08 mm to 0.94
mm). The skeletal and elongated melt inclusion olivines have interme-
diate sizes and Focr contents when compared to the polyhedral olivine,

and have a narrower range of Focr contents ([combined skeletal and
elongated melt inclusion olivine] LAR 12095 Focr from 58 to 62; LAR
12240 Focr from 59 to 65; Tissint Focr from 58 to 74) and sphere-
equivalent radius lengths ([combined skeletal and elongated melt in-
clusion] LAR 12095 sphere-equivalent radius lengths from 0.23 mm to
0.41 mm; LAR 12240 sphere-equivalent radius lengths from 0.20 mm to
0.44 mm; Tissint sphere-equivalent radius lengths from 0.21 mm to 0.43
mm).

When compared to the other olivine morphologies in their respective
samples, the rapid-growth olivines (i.e., mantled dendritic or skeletal) in
the enriched shergottites generally have the highest Focr contents and
largest a-axis lengths, but have intermediate Focr contents and a-axis
lengths in the depleted shergottites. This relationship between crystal
size, Focr content, and morphology in enriched and depleted samples is
consistent with the broader olivine crystal population trends as noted
above (sec. 3.2).

There are no systematic relationships between axial ratios and
crystal morphology or FoCT content. In all samples, the mantled
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dendritic, skeletal, and olivine with elongate melt inclusions have some
of the lowest a/c axial ratios (Fig. S6) and highest c¢/b axial ratios (Fig
S7), indicating more tabular shapes. However, these morphological
types also span most of their respective ranges with many having almost
equant a/c and c¢/b axial ratios. We do not observe systematic prefer-
ential growth along the a- or c-axis for the mantled dendritic or skeletal
olivine, similar to what was shown in experiments by Mourey and Shea
(2019).

4. Discussion
4.1. Rapid growth of olivine

Olivines with a skeletal/hopper, dendritic, or chained morphology
reflect rapid growth rates caused by thermodynamic conditions that
limit nucleation and supersaturate olivine-forming components in the
melt. Experiments have shown that the conditions needed for the growth
of these olivine morphologies are overlapping, but dendritic and
chained morphologies generally reflect higher degrees of undercooling
and faster cooling rates (e.g., Donaldson, 1976; Sunagawa, 1981; Faure
et al., 2003). In these early experiments, skeletal morphologies devel-
oped when undercooling was between 60 — 90 °C, and dendritic and
chained when undercooling was > 70 °C; all three morphologies
developed when the cooling rate was > 45 °C/h. Mourey and Shea
(2019) and Shea et al. (2019) demonstrated that skeletal olivine can
actually form at much more moderate degrees of undercooling, as low as
25 °C. Experiments have not reproduced the mantled dendritic
morphology observed here. Mourey and Shea (2019) produced olivine
with primary branches connecting to a faceted external shell. However,
many of the crystals they show are not fully enclosed, and those that are
enclosed have several repeating secondary branches that are parallel to
the external shell faces. We propose that the mantled dendritic olivine
here, characterized by a single set of primary arms and a fully-enclosed
and faceted external shell, developed from an early period of relatively
high degree of undercooling followed by partial infilling and maturation
during a later period of relaxed undercooling and slower crystal growth.

Moderate to high degrees of undercooling and cooling rates are
generally assumed to produce the thermodynamic conditions needed for
rapid growth of olivine in terrestrial settings. However, other variables
have been experimentally shown to also delay or suppress nucleation,
creating conditions needed for rapid growth without a fast cooling rate.
Experiments by First et al. (2020) demonstrated that rapid-growth
olivine morphologies can form during cooling after the melt was
initially heated for different durations at super-liquidus temperatures
(<100 °C above the olivine liquidus) then cooled to 200 °C below lig-
uidus temperature under a moderate cooling rate (25 °C/h). The high
degree and duration of superheating more efficiently removes nucle-
ation sites such that, during cooling below the liquidus, homogeneous
nucleation is suppressed, and olivine-forming components become su-
persaturated leading to crystallization of rapid-growth olivine mor-
phologies under a moderate cooling rate (First et al, 2020).
Superheating can occur in natural settings through adiabatic decom-
pression from rapid ascent, HoO flux, or through meteorite impact.
Lofgren (1983) also produced olivine with rapid-growth morphologies
through a range of low to relatively high cooling rates (0.5 °C/h to 50
°C/h) by varying the number of nucleation sites. These nucleation sites
were less than 0.1 pm heterogeneous remnants from superheating and
near-complete melting of pre-existing crystals.

The effects of superheating and/or the existence of heterogeneous
nucleation sites are challenging, or impossible, to validate in natural
settings. Superheating of a crystal-free or pure melt does not produce
any chemical or textural evidence, whereas superheating after an earlier
period of crystal growth can be inferred from the existence of resorbed
inclusions within later-formed crystals. However, partial resorption of
earlier phases does not always imply heating above the liquidus tem-
perature as magma mixing can also result in resorption. Additionally,

205

Geochimica et Cosmochimica Acta 373 (2024) 197-210

identifying pre-existing sub-micron nucleation sites is problematic.
Therefore, we adopt the model that olivines with a skeletal, mantled
dendritic, or chained morphology reflect relatively high degrees of
undercooling, and that the most likely mechanism driving this under-
cooling is moderate to fast cooling rates.

4.2. Scenarios that can cause rapid growth

The moderate to high degrees of undercooling and cooling rates
needed for rapid growth of megacryst olivine in shergottites are gener-
ally unexpected for magmas that are thought to crystallize olivine at or
near the martian crust-mantle boundary. In the following sections, we
consider potential petrogenetic scenarios that could generate rapid
olivine growth at such depths in an arbitrary magma system.

4.2.1. Conductive heat loss

Local thermal gradients are established in magma chambers near the
melt-wall rock boundary. Danyushevsky et al. (2004) and Mattioli et al.
(2006) present a model wherein these boundaries promoted fast cooling
rates, leading to rapid growth of olivine in primitive terrestrial magmas
at depth. Thermal gradients are expected to be greatest at the onset of
magma chamber growth when initial pulses of melt interact with cooler
wall rocks and experience the most rapid conductive heat loss and rapid
growth of olivine. Such a model favors a sheet-like magma chamber with
a high surface area-to-volume ratio (Brandeis and Jaupart, 1986) and
cooler wall-rock temperatures. After construction of the magma cham-
ber, it is expected that a majority of the magma volume would experi-
ence a slower cooling rate.

It is worth noting that Mars has an average crustal thickness around
62 km with values that vary from ~ 50 km to 90 km (Plesa et al., 2018)
and estimates of crustal geothermal gradients that vary from 5 °C/km to
21 °C/km (Ostwald et al., 2022; and references therein). Parro et al.
(2017) calculated a modern average martian heat flow of 20 mW/mz,
suggesting a near-surface geothermal gradient of approximately 10 °C/
km that diminishes with depth. Crustal thermal gradients will vary with
location and time, but if we assume a linear gradient of 10 °C/km
throughout the crust and 0 °C at the surface, the temperature of the wall
rocks that surrounded magma chambers where large olivine in sher-
gottites grew (i.e., from 45 km to 90 km deep) would have been
approximately 450 °C to 900 °C. A thick and cold crust could explain the
possibility of relatively rapid cooling at depth.

4.2.2. Vigorous convection

Vigorous convection in a magma chamber could be created by a large
thermal gradient from top to bottom (Martin et al., 1987; Albert et al.,
2020), which was posited by Mari et al. (2020) to explain oscillatory P-
zoning in megacryst olivine in Tissint. Such an environment would
create a transient fast cooling rate followed by a return to near-
equilibrium conditions. Thermal gradients are expected to be largest
near the upper walls of a magma chamber (Brandeis and Jaupart, 1986).

4.2.3. Volatile Exsolution

Rapid olivine growth can also occur through volatile exsolution. In
this scenario, rapid crystallization is not driven by a large degree of
undercooling, but by a change in the olivine liquidus temperature
caused by volatile exsolution (Hort, 1998; Mattioli et al., 2006; Shea and
Hammer, 2013). In terrestrial settings, this process is strongly dependent
upon the magma’s volatile content and is usually restricted to volatile-
rich magmas with intermediate to felsic compositions or other unusu-
ally volatile-rich magmas (e.g., kimberlites) (Kuritani, 1999; Gonner-
mann and Manga, 2013; Biittner et al., 2023).

4.2.4. Magma mixing

Mixing magmas with contrasting temperatures can lead to an overall
temperature change of the system and a shift in the olivine liquidus
temperature due to a change in the bulk magma composition (Hort,
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1998). Rapid growth of olivine can occur in this scenario if the shift in
the magma temperature and/or liquidus temperature is large enough. In
terrestrial systems, this process typically occurs when a hot, mafic melt
interacts with a cooler, intermediate/felsic melt in the upper crust,
usually near convergent plate boundaries (Hort, 1998; Mattioli et al.,
2006).

4.2.5. Summary

We favor the conductive heat loss model over the vigorous convec-
tion, volatile exsolution, and magma mixing models. The survival of the
fragile dendritic and skeletal frames observed in our samples suggests
that convection may not have been vigorous. Furthermore, if convection
is the cause of the P-zoning patterns, it implies multiple cycles of crystal
growth, whereas skeletal or mantled dendritic patterns reflect singular
episodes of rapid growth. In terrestrial systems, rapid crystallization
from volatile exsolution usually occurs in the upper crust, less than
around 10 km (Hort, 1998), and in magmas that contain several wt. %
dissolved volatile species (usually HoO and COs). The pre-eruptive
volatile content of shergottite parent melts is debated, with estimates
varying from nominally anhydrous to around 2 wt% (e.g., Udry et al.,
2020). Regardless of their abundance, any volatile species would have
stayed in solution because the rapid-growth olivine in these samples
most likely formed at pressures too high for volatile exsolution.

Mixing of magmas with distinct melt compositions is not supported
for some samples based on comparisons between mineral, mineral-
hosted melt inclusions, and whole-rock REE contents in Tissint (Balta
et al., 2015), LAR 06319/LAR 12011 (Basu Sarbadhikari et al., 2009),
and LAR 12095/LAR 12240 (Dunham et al., 2019) that show evidence
for closed-system magmatism. However, magma mixing of a cooler,
crystal-laden, and more evolved magma with a hotter, crystal-poor, and
more primitive magma from the same magmatic system may be possible.
Such a scenario describes the origin of antecrystic olivines, which are
commonly described in shergottites (e.g., Usui et al., 2008; Balta et al.,
2013; Ennis and McSween, 2014; Balta et al., 2015; Dunham et al.,
2019). For these shergottites, the evidence of magma mixing is some-
times revealed by P-zoning showing resorbed cores which are later
overgrown by newly crystallized olivine that form the overall polyhedral
texture.

4.3. Fluctuating thermodynamic conditions

The Focr vs. crystal size trends in Fig. 4 are consistent with fractional
crystallization processes, where, in the absence of mixing olivine pop-
ulations, early-formed olivine crystals are expected to have higher-Fo
cores and be larger than later-formed crystals. Within the samples in
Fig. 4, olivines with skeletal, mantled dendritic, and chained morphol-
ogies coexist with tabular and polyhedral olivines of similar or slightly
less primitive (i.e., more Fe-rich) compositions that formed in conditions
closer to equilibrium. Experimental work has shown that a morpho-
logical evolution from polyhedral to tabular to hopper/skeletal to den-
dritic to chained occurs with increasing degrees of undercooling and
cooling rates (i.e., increased disequilibrium) (e.g., Donaldson, 1976;
Sunagawa, 1981; Faure et al., 2003). This trend can also be reversed
where chained, dendritic, and skeletal olivine can infill and mature into
olivine with polyhedral morphologies as the degree of undercooling and
cooling rate decreases (Welsch et al., 2013; Welsch et al., 2014; Shea
et al.,, 2015). Consequently, the olivine crystal population in these
samples indicates that their parent melts experienced shifting thermo-
dynamic conditions, multiple stages of crystal growth, and a range of
crystal growth rates.

During the thermodynamic evolution of their parent melts, some
initial fast-growth textures, like high-surface-area dendrites, are pro-
tected from breaking, dissolution, and resorption through the formation
of the three-dimensionally enclosing polyhedral shells that form the
mantled dendritic crystals. Other fast-growth features, like skeletal
crystals, start as a skeletal framework that are then variably infilled as a
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function of the crystal’s residence time at near-equilibrium growth
conditions (i.e., maturation). An investigation of skeletal olivine growth
from Hawaii using the Fe-Mg geospeedometer indicated that skeletal
olivine can withstand infilling and maturation even after 4 to 5 months
within a high-temperature (1170-1225 °C) melt (Shea et al., 2015).
Evidence of early skeletal growth in fully matured/infilled crystals can
still potentially be detectable in their chemical zoning patterns (Welsch
et al., 2014; Mourey and Shea, 2019). Olivine grains with an external
polyhedral morphology but large and elongated or irregular melt in-
clusions may reflect intermediate disequilibrium conditions, or could
result from an initial skeletal or dendritic morphology (i.e., moderate to
extreme disequilibrium) and subsequent irregular infilling by slower
growth of olivine in conditions closer to equilibrium (Welsch et al.,
2013; Welsch et al., 2014). Finally, olivine with tabular to polyhedral
morphologies can either reflect growth conditions closest to equilibrium
(i.e., low degree of undercooling and slow cooling rate) throughout their
entire growth period, or represent fully-matured and infilled skeletal
olivine that experienced extended near-equilibrium conditions towards
the end of their growth period.

4.4. the relative timing of undercooling in contrasting petrogenetic models

Within the crystallization sequences shown in Fig. 4, we use the
occurrence of mantled dendritic and skeletal olivines to mark periods of
relatively large degrees of undercooling that occurred during the crys-
tallization history of each sample’s parent melt. Combining the
morphological and geochemical findings reported here with existing
thermodynamic models of magma crystallization, the following discus-
sion provides speculative schematic petrogenetic reconstructions and
thermal histories of the shergottite samples considered in this study. The
relative thermal histories we note below and the expected growth pe-
riods of different olivine morphologies for the enriched and depleted
shergottites are illustrated in Fig. 5. We interpret the absence of olivines
with rapid-growth morphologies in the intermediate samples as either:
(1) an indicator of near-equilibrium growth throughout the olivine
crystallization window, or (2) initial growth of skeletal olivines that
were then completely infilled and matured during a subsequent
extended period of near-equilibrium growth. We favor the first model
since large, irregularly-shaped olivine-hosted melt inclusions are rare in
these samples, which would be expected in polyhedral olivine that
matured from initial skeletal olivine (Wallace et al., 2021). Additionally,
there is evidence of at least one early magma recharge event in the form
of rounded relict orthopyroxene crystals included within large, Mg-rich
olivine in EETA 79001 (Liu et al., 2013), suggesting that any early-
formed rapid-growth textures would have likely been partially to
completely resorbed.

4.4.1. Early undercooling — geochemically enriched

Based on their FoCT contents and crystal sizes in Fig. 4, the mantled
dendritic and skeletal olivines in LAR 12011 and LAR 06319 (and likely
the chained olivine in NWA 1068 and LAR 12011 based on their large
sizes) formed at the beginning of the olivine crystallization window,
requiring the parent melt to have experienced an early period of growth
conditions relatively far from equilibrium (i.e., > 70 °C of undercooling
and a cooling rate of > 45 °C/h for the growth of chained olivine and >
25 °C undercooling for the growth of skeletal olivine) followed by
relaxation back to near-equilibrium conditions. As the earliest magma
chamber formed, the initial pulses of melt were introduced to a rela-
tively low-temperature environment and experienced local and near-
instantaneous conductive heat loss and rapid growth of olivine at the
melt-wall rock boundary. Chained olivine, dendrites within mantled
dendritic olivine, and skeletal olivine formed during this time, possibly
in this order as the degree of undercooling decreased. This model favors
a sheet-like magma chamber with a high surface-area-to-volume ratio
(Brandeis and Jaupart, 1986). During growth and development of the
magma chamber, additional pulses of melt (i.e., recharge) drove the
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Fig. 5. Shergottite parent magma thermal history and olivine growth schematic for enriched and depleted shergottites. Temperature, time, and slopes of thermal
history curves are relative. Dashed portions of the thermal history curves represent potential magma recharge event(s). The timing of rapid cooling during t, in
depleted shergottites is unknown. Ty, = olivine liquidus temperature; Ts = olivine solidus temperature.

magma chamber-wall rock system closer to thermal equilibrium,
decreasing the degree of undercooling as well as growth rate. During this
period of relaxed undercooling, variable degrees of crystal infilling and
maturation occurred, as well as growth of new, polyhedral olivine.
Polyhedral shells formed around dendrites to form the mantled dendritic
olivine and some skeletal olivine most likely matured into tabular
olivine with elongated melt inclusions. The large, skeletal olivines in
LAR 06319 are similar to the mantled dendritic olivine, but were unable
to form a complete polyhedral shell. These crystals did not completely
infill and mature into polyhedral olivine, indicating this later period of
relaxed undercooling must have been relatively short-lived, potentially
on the order of several months (Shea et al., 2015). Finally, the olivine
population and melt ascended and solidified at or near the surface. It is
likely that some of the smaller polyhedral olivine initially crystallized
during ascent and continued to grow during solidification at or near the
surface. This “early undercooling” model establishes a relatively large
thermal gradient that requires the surrounding lower crust rocks to be
initially at least 70 °C cooler than the olivine liquidus temperature to
produce olivines with chained morphologies.

Within the enriched poikilitic samples, the pyroxene oikocrysts
enclose olivine chadacrysts with mantled dendritic, tabular, and poly-
hedral morphologies. The coexistence of these three olivine morphol-
ogies, which grew under different thermodynamic conditions, as
inclusions within the same pyroxene crystals suggests that olivine mixed
and settled into a cumulate pile, after which the poikilitic olivine-
pyroxene assemblages formed. Lastly, the presence of rapid-growth ol-
ivines with slightly lower Fo-contents within the non-poikilitic region of
RBT 04261 and NWA 7397 implies either rapid crystallization during a
second, relatively high-undercooling event at shallower depths, possibly
in a sill-like magma chamber, or some of the early-formed olivines
(dendritic, skeletal, and/or tabular morphologies) were not poikilitically
enclosed before ascent, enabling mixing with the later olivine pop-
ulations that formed at shallower depths. Petrologic and petrographic
observations of RBT 04261, NWA 7397, and other poikilitic shergottites
corroborate the latter model of mixing early- and late-formed olivines in
the non-poikilitic region (Usui et al., 2010; Rahib et al., 2019).

This early undercooling model is thermodynamically complicated
since the fragile, rapid-growth textures with high surface areas would
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likely be partially to completely resorbed due to decompression shifting
the melt closer to its liquidus during ascent through the crust. The
olivine crystals with chained, mantled dendritic, and elongated melt
inclusion morphologies in the olivine-phyric shergottites are protected
by their exterior polyhedral shells and the pyroxene oikocrysts in the
enriched poikilitic shergottites encapsulated and protected the olivine
chadacrysts. However, the preservation of large, Mg-rich skeletal olivine
in LAR 06319 is challenging to reconcile with this current model as they
are expected to break or dissolve during the subsequent evolution of
their parent melt. Possible mechanisms to explain their survival could
be: (1) that the reentrant features of the skeletal framework trapped melt
and/or crystals to create a localized region of thermal and chemical
equilibrium; (2) ascent rates and heat loss were balanced such that the
crystal and melt stayed in thermal equilibrium; or (3) these crystals
actually formed at shallower depths. The results from this study cannot
answer this question but do reveal that the enriched shergottites’ ther-
mal histories are complex.

4.4.2. Late undercooling — geochemically depleted

Within depleted samples, the large, high Focr polyhedral olivines
initially grew in near-equilibrium conditions, after which a change to
the thermal environment resulted in moderate to high undercooling of
25 °C- 60 °C, prompting the growth of skeletal olivines. To produce this
thermal history, a possible scenario is that the parent melt initially
ponded in a magma chamber within the lower crust and experienced an
extended period of near-equilibrium conditions. During this period, the
parent melt experienced at least once cycle of growth, dissolution, then
regrowth, most likely from magma recharge, based on the presence of
resorbed olivine and orthopyroxene inclusions within high-Fo mega-
cryst olivine (Balta et al., 2015; Dunham et al., 2019). Any morpho-
logical evidence for an initial high undercooling event would have been
partially to completely infilled and/or resorbed during this extended
near-equilibrium period. Next, the melt and high-Fo polyhedral crystals
ascended to shallower depths in the crust and experienced a relatively
large degree of undercooling and a moderate to high cooling rate in the
magma conduit or a secondary magma chamber leading to the growth of
skeletal olivine (Mourey and Shea, 2019; Salas et al., 2021). We cannot
discern the exact timing of undercooling, but size and core FoCT content
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relationships indicate that olivine with polyhedral and tabular mor-
phologies continued to form after the skeletal olivines (Fig. 4) or from
variable infilling and maturation of skeletal olivines, suggesting a return
to conditions closer to equilibrium or concurrent equilibrium and
disequilibrium growth within the same magma. To prevent complete
infilling and maturation of skeletal olivine, this second period of olivine
growth must have been relatively short-lived (Shea et al., 2015). This
“late undercooling” scenario aligns with previous models, which pro-
pose that olivines with high Fo-content in Tissint grew over extended
periods in a quiescent magma chamber, where Fe-Mg zoning was ho-
mogenized through diffusion, and later, more rapid cooling produced
thin olivine rims with low Fo content (Balta et al., 2015; Liu et al., 2016).

4.5. Thermal histories linked to planet-wide processes

The petrogenetic models above are simplified and do not expand on
the many nuances of magma crystallization and are constrained by
previous thermobarometric investigations and calculated crystallization
sequences indicating that Mg-rich olivine is the first silicate phase to
form while in staging magma chambers in the lower crust (Musselwhite
et al., 2006; Usui et al., 2008; Filiberto et al., 2010; Usui et al., 2012;
Balta et al., 2013; Gross et al., 2013; Howarth et al., 2014; Balta et al.,
2015; Basu Sarbadhikari et al., 2016; Liu et al., 2016; Dunham et al.,
2019; Rahib et al., 2019; Udry et al., 2020). Olivine continues to
nucleate and grow throughout a large portion of their respective parent
melts’ petrogenetic histories. The exact thermal histories and olivine
growth sequences are certainly more complicated that we present here,
but the focus of this work is to document and characterize new crystal
textures and the relative timing of crystallization sequences. Our find-
ings indicate that the geochemically depleted, intermediate, and
enriched shergottite parent melts experienced different thermal his-
tories. Possible mechanisms to explain an early, relatively large degree
of undercooling for enriched samples include: (1) prior to crystalliza-
tion, the enriched parent magmas were initially closer to the olivine
liquidus temperature (i.e., cooler) than the depleted and intermediate
magmas at a given depth before ponding and rapid cooling in a magma
chamber; (2) the enriched magmas initially ponded at shallower depths
where the surrounding crust was cooler; or (3) enriched magmas ponded
in magma chambers with a higher surface-area-to-volume ratio. A
combination of these mechanisms may be possible and implies that
enriched shergottites are from volcanic areas with a lower geothermal
gradient and/or that depth of initial crystallization is shallower than the
depleted shergottites.

An elevated local geothermal gradient for the depleted shergottites is
consistent with the study by Lapen et al. (2017), who showed that a
group of at least eleven depleted shergottites with the same ejection age
(1.1 Ma) have crystallization ages that span over 2 billion years (2.4 Ga
to 0.145 Ga), suggesting they are likely from the same long-lived and
episodic volcanic system. Local wall-rock temperatures are expected to
be higher at greater depths and/or near volcanic centers (Ostwald et al.,
2022). No such temporal, geochemical, or spatial relationship has been
found for the enriched or intermediate shergottites, which are generally
younger (225 to 165 Ma and 346 to 150 Ma, respectively; Udry et al.
(2020) and references therein), possibly reflecting transient volcanic
systems.

4.6. Ubiquity of rapid-growth olivine morphologies in martian igneous
rocks

The proposed early- and late-undercooling petrogenetic models are
based on the crystallization sequences measured in seven samples in
Fig. 4. These crystallization histories are likely consistent and applicable
to the other samples in this study of similar geochemical classification
whose crystal size and core Focr content were not measured. The
broader trends in olivine crystal populations based on geochemical
classification noted in all samples in section 3.2 match the results in
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Fig. 4. Our method is also internally consistent based on similar results
from paired samples LAR 06319/LAR 12,011 and LAR 12095/LAR
12240.

While the fourteen samples in this study represent a small fraction of
the total number of shergottites that contain large, early-formed olivine
identified to date, olivines with rapid-growth morphologies are likely
present in more specimens. That such morphologies have not been
widely recognized may be attributed to limitations of studying randomly
sliced 2D petrographic sections. Unless a 2D slice is fortuitously ori-
ented, it will miss the characteristic arrangement of the melt inclusions
(e.g., Figs. 2 and 3) and sparse skeletal grains. The true spatial context of
inclusions and mineral morphologies in such grains is only reliably
revealed through 3D observation. We provide guidance on how to
recognize rapid-growth morphologies in 2D sections based on the pro-
jection from 3D data in the supplementary text. By applying this
approach, we identified additional shergottites that likely include skel-
etal and mantled dendritic olivines (Figs. S8-S16, Table S5).

Finally, rapid-growth olivines may not be limited to just shergottites,
which mostly represent relatively young volcanic activity (~2.4 Ga to
150 Ma) (e.g., Udry et al., 2020). Olivine grains with multiple, elongated
melt inclusions are often present in 1.3 Ga chassignites, which are du-
nites (Hewins et al., 2020) (Fig. S17). Hopper/skeletal olivines with
large melt inclusions have recently been identified in the olivine
cumulate rocks from the ~ 3.9 Ga Séitah formation within Jezero crater
(Liu et al., 2022). Collectively, these results suggest that the rapid
growth of olivine due to relatively high degrees of undercooling at depth
may be a ubiquitous feature of mafic magmatism throughout the evo-
lution of Mars.

5. Conclusions

We report the ubiquitous presence of olivines with crystal mor-
phologies reflecting rapid growth from moderate to high degrees of
undercooling in an X-ray CT investigation of fourteen shergottites that
contain large, early-formed olivine crystals. We present a novel
approach to estimate sample-wide crystal core forsterite compositions
and crystal sizes to constrain the timing of rapid olivine growth relative
to other olivine crystals. Geochemically enriched shergottites experi-
ence rapid growth at the beginning of olivine crystallization, whereas
the depleted shergottites experience an initial period of equilibrium
growth followed by a period of rapid growth. When combined with
previous thermobarometric work, these results indicate that unexpect-
edly high undercooling of magma occurs deep in the martian crust,
providing new insights into martian magmatism and thermal structure.
Furthermore, our results suggest that there are systematic differences in
the crystallization histories of the geochemically enriched, intermediate,
and depleted shergottites.
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were acquired, details for crystallographic indexing, electron probe
microanalysis of LAR 12095 and LAR 12011 for Focy conversion, and
guidance for identifying rapid-growth olivine in 2D thin sections. Figs.
S1 - S3 show Focr conversion comparisons. Figs. S4 and S5 show ex-
amples of randomly oriented CT slices through skeletal and mantled
dendritic olivines, respectively. Figs. S6 and S7 show Focr vs. a/c and ¢/
b axial ratios, respectively. Figs. S8 — S17 show 2D thin section images
modified from the literature that have the characteristic arrangement of
melt inclusions or external morphologies that most likely indicate they
are olivine with rapid-growth morphologies. Table S1 contains CT
scanning information; table S2 contains olivine sizes, core CT #, and
converted core Fo content; table S3 contains EPMA data for LAR 12095
and LAR 12011; table S4 contains information on converting CT # to Fo
content; and table S4 contains a list of Martian igneous rocks that likely
have olivine with rapid growth morphologies. Supplementary material
to this article can be found online at https://doi.org/10.1016/j.gca.20
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