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On the formation of Martian blueberries
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Abstract
The Martian blueberries, first discovered by NASA’s Opportunity rover, are concretions like-

ly formed in sediments from hydrothermal solutions resulting from bolide impact into groundwa-
ter or permafrost. Evidence for this conclusion comes from the shapes of particle size distribu-
tions measured from Opportunity photos by Royer et al. (2006, 2008). These distributions,
which exhibit a unique negative skew and lognormal positive skews, fit theoretical and experi-
mental shapes determined for minerals precipitated from solution at higher and lower levels of
supersaturation, respectively. The authors of these particle size measurements suggested that the
blueberries were formed by aggregation or vapor condensation from a large meteoritic impact
cloud. This origin is unlikely because such an event would not have created both negative and
positive skews that closely fit distribution shapes expected for mineral crystallization from solu-
tion.
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METHODS AND DISCUSSION
The particle size distributions (PSDs) of ubiquitous, granule-sized, hematite spherules, nick-
named blueberries, discovered and photographed at Meridiani Planum by the Opportunity rover,

were measured semiautomatically from Pancam images by Royer et al. (2006, 2008). These and
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other authors (Burt et al. 2005; Misra et al. 2014; Burt 2021) favored an origin for these spher-
ules by aggregation, vapor condensation or meteoritic melting from a large meteoritic impact
cloud. Other investigators have suggested an origin by fluid-driven concretion formation (Chan
et al. 2004; Grotzinger et al. 2005; McLennan et al. 2005), and, most recently, by the growth of
mushrooms (Joseph et al. 2021). Based on the shapes of PSD data, the present contribution fa-
vors concretion formation by nucleation and growth from supersaturated solutions.

Figure 1 shows a typical Pancam photo from which blueberry sizes and PSD shapes were
carefully determined. Figures 2 and 3 show PSD shapes measured from near Endurance Crater
rim, and from approximately 5 km to the south near Victoria Crater rim. The sol number indi-
cates the number of Martian days that the rover was on Mars, and therefore approximately marks
the progress of the rover’s traverse around and between these craters. Rover traverse maps are
available at https://mars.nasa.gov/mer/mission/traverse-maps/opportunity/, and
https://en.wikipedia.org/wiki/Opportunity_(rover).

The PSDs exhibit a regular change in shape, from left-skewed west and south of Endurance
Crater rim (Figure 2, upper), to right-skewed north of Victoria Crater rim (Figure 3), with shapes
transitional between the two end members west of Victoria Crater rim (Figure 2, lower). The
different PSD shapes indicate origins by different growth mechanisms that appear to apply to the
blueberries as well as to crystals in general. PSD shapes for blueberries and for crystals are near-
ly identical, and therefore it is reasonable to assume that the same equations (LSW and LPE, dis-
cussed below) apply.

The left-skewed PSDs from sols 110, 188 and 202 mimic the universal steady-state PSD
shape expected for Ostwald ripening in solution according to LSW theory, an equation that was

derived independently by Lifshitz and Slyozov (1961) and by Wagner (1961). Experiments
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(Kile et al. 2000) have shown that this unique distribution shape reflects initial, very high levels
of supersaturation, where abundant and extremely fine nuclei precipitate. A large contrast in
specific surface areas among these particles leads to growth of the larger nuclei at the expense of
dissolution of the smaller, less stable nuclei according to the Ostwald ripening mechanism. Ac-
cording to LSW theory, the PSD for any mineral that has undergone sufficient ripening will have
the identical negatively skewed distribution when the data is plotted on reduced axes (size/mean
size vs. frequency/maximum frequency), a shape that is independent from the initial, pre-ripened
PSD shape, and that has a cutoff at large sizes.

The lognormal shapes recorded from blueberries at the rim of Victoria Crater indicate an ini-
tial precipitation of fewer and larger nuclei at smaller levels of supersaturation. These particles
do not have a large enough contrast in specific surface areas after nucleation to drive ripening.
They react at this level of supersaturation by surface-limited growth, forming a lognormal shape,
as is described by the Law of Proportionate Effect (LPE; Eberl et al. 1998). Surface-limited
growth means that the rate limiting step in crystal growth is the incorporation of growth units
onto the crystal surface, rather than by their rate of transport to the surface. According to the LPE
approach, the growth units are bits of crystal that are random in size, but that are generally com-
parable in size to the crystal itself.

Although particles could condense from an impact cloud according to the LPE to form
lognormal PSDs, it is unlikely that this unidirectional process would simultaneously form the
negative skew that fits the unique universal distribution shape expected for ripening.

The initial shapes of both types of distributions are formed during and immediately after nu-
cleation, at the angstrom to nanometer scale. The relative shapes of these distributions then are

preserved by transport-limited proportionate growth as the crystals increase in size and the
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shapes of the original distributions are scaled up. Transport-limited growth means that the rate
limiting step is the transport of growth units through solution to the crystal surface, rather than
the rate of their incorporation onto the surface. In this case, the growth units also are random in
size, but are small compared to the size of the crystal. Proportionate growth means that the
shape of the distribution is multiplied by a scaling factor to find the new distribution shape after
growth. Proportionate growth results in a constant variance (beta squared) for the distribution as
mean size (alpha) increases (Kile et al. 2000; Eberl et al. 2002; Kile et al. 2003).

Thus, the Ostwald and the lognormal PSD shapes indicate the level of supersaturation near
the time of nucleation, which was very high for the left skewed distributions near Endurance
Crater and lower for the right skewed found near Victoria rim, with intermediate levels of
supersaturation yielding PSD shapes transitional between the two extremes, as has been demon-
strated in analogous calcite crystal growth experiments (Figure 4). The intermediate PSD shapes
result from incomplete ripening of the initial precipitates.

In order to produce the solutions required to generate the various PSD shapes, one or more
bolide impacts could have melted permafrost and heated groundwater to initiate hydrothermal
systems in the surrounding rocks (e.g., Pirajano 2009). Groundwater then would respond to
thermal gradients by reacting with the rock to form solutions having a range of supersaturations.
The regular change in PSD shapes from Endurance crater to Victoria rim suggests decreasing
initial solution concentrations in this direction, perhaps related to distance from a heat source, or
to a change in stratigraphic depth as the rover moved up section from Endurance to Victoria cra-
ters (Squyres et al. 2006), or to different heatings from separate impacts.

In support of a hydrothermal origin, the true color of the blueberries, which appeared blue in

false color images, is grey rather than hematite red, indicating the presence of specular hematite,
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the higher temperature variety of the mineral. In addition, Fan et al. (2005) synthesized spherical
hematite nanoparticles at elevated temperatures, and Morris et al. (2005) found 10-100 micron
specular hematite spheres in hydrothermally altered Hawaiian basalt. Because hematite blueber-
ries would be harder than steel (6 versus 4 on Mohs scale), they would be concentrated in lag
deposits by the weathering and erosion of softer surrounding rock, as has been indicated by pre-
vious investigators cited above.
IMPLICATIONS

The initial discovery, made by Opportunity rover, of iron-rich Martian blueberries was excit-
ing because it suggested that water was needed for their formation, and, therefore, water was pre-
sent on Mars. Other workers contended that water was not needed, because the blueberries could
have formed by aerial condensation of mineral clouds related to bolide impact. There is ample
evidence for the presence of water on Mars, even without the blueberry evidence. However, the
size distributions of the blueberries have a more detailed story to tell. Not only do the shapes of
their PSDs indicate the presence of water, but they also indicate initial relative solution concen-
trations, and they may reveal relict concentration gradients in regional groundwater systems.
More measurements of blueberry PSDs from existing rover photos may yield further information

about hydrologic systems in this remote and exotic environment.
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List of Figure Captions

Figure 1. Pancam image of Martian blueberries (from Royer et al. 2006). The average particle
diameter is 3.73 mm.
Figure 2. Changes in the shapes of particle size distributions as the rover neared Endurance
Crater rim (upper) and Victoria Crater rim (lower), showing a change from the universal steady-
state Ostwald-shaped reduced PSDs (upper) to transitional PSDs (lower). The original PSD data
comes from Royer et al. (2008).
Figure 3. The two best examples of lognormal PSDs from Victoria Crater rim. The other four
samples in this data set skew to the right, and pass the Kolmogorov-Smirnov statistical test for
log normality: sol 1124 from 1 to 5%, sol 1071 from 5 to 10%, and sols 1113 and 1139 (and the
two sols shown above) to the >10% level of confidence, the highest level in the tables. The orig-
inal PSD data comes from Royer et al. (2008).
Figure 4. Reduced plot giving PSD results for calcite crystal nucleation and growth experiments
initiated at different levels of supersaturation (omega). The largest omega (100) yields the uni-
versal steady state shape for Ostwald ripening. A smaller omega (40) yields a lognormal distri-
bution, and an intermediate omega (69) gives a shape intermediate between the two. (From Kile

et al. 2000).
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