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Introduction: Clay-rich rocks can have complex
material compositions controlled by the abundant po-
rous embedding clay matrix material and stiffer inclu-
sions, which could range in size from < 1 um to sever-
al hundred pm. Similarly, many carbonaceous chon-
drites (CC), of petrologic type | and 2, are argillaceous
rocks and dominated by phyllosilicates and other
clays-sized minerals [1]. Bulk powder XRD shows that
the clays are dominated by serpentines and smectites
[2]. This multiscale heterogeneity gives rise to differ-
ent mechanical behaviors on different scales. On
smaller scales, it is possible to probe the mechanics of
a single material phase through highly localized tests,
whereas on larger scales, any response will be a com-
bination of the effects across multiple material phases
on smaller scales for example in measurements such as
sound speed tests, which can be used on millimeter
scales to determine bulk material properties [3]. The
behaviors of individual anhydrous phases and the clay
matrix is less understood, though interest is growing
for such tests for returned samples like Ryugu [4].
Here, we use instrumented nanoindentation to deter-
mine the properties of the clay matrix, which can be
elucidated thanks to phase separability [5].

Samples and Testing Protocol: Two clay-rich
carbonaceous chondrites were prepared as polished
epoxy mounts (i) Tarda (C2-ung), whose clay matrix is
made of smectite, serpentine, and interstratified ser-
pentine/smectite with embedded magnetite [6], and (ii)
Aguas Zarcas (CM2), whose matrix is dominated by
serpentine  with  variable ferrotochilinite  and
interstratified ferrotochilinite/cronstedtite [7]. All sam-
ples were dry-polished and free of epoxy. Data was
recorded using a Ultra Nano Hardness Tester®
(UNHT?) from Anton Paar. Indents made with a 3-
sided pyramid Berkovic indenter and were loaded in
force-control up to their limiting maximum force of 1.8
mN. The load-hold-unload time for each test was 10-5-
10 seconds, following an established protocol used on
organic-rich rocks [8]. The spatial distance between
each indent was 10 um. The raw data output is a load
versus load point displacement curve at every indent.
The modulus (M) and hardness (H) of the material(s)
are found using the Oliver and Pharr model [9,10].

Results and Discussion: Two grids were
performed on Aguas Zarcas consisting of 150 indents
in each (Fig. 1,a-d) and one grid was performed on
Tarda with 400 indents (Fig. 1,e-f). Since indentation
is essentially a surface test, it is unknown if a single
indent will probe a single material phase, as there
could be other phases beneath the surface that
contribute to the mechanical response. This, and the
spatially variable porosity in the clay matrix, gives rise
to some uncertainty in the mechanical properties,
shown in scatter plots of M versus H (Fig. 1, a,c&e).
Analysis of the indentation results requires the use of

statistical tools to categorize different material-based
mechanical phases present within the probed region.
Here, we use a multi-variate cluster algorithm [11] to
provide the most likely number of statistical clusters in
a data set, as well as the uncertainty of observations
belonging to a cluster based on statistical criteria. The
clustering algorithm partitioned the data for each grid
into statistical phases, the mean indentation curve be-
longing to each phase was plotted in (Fig. 1, b,d&f).

Tarda shows four distinct phases, whereas Aguas
Zarcas Grid (i) is has two and Grid (ii) has three
phases. The mean and standard deviation for M, H and
M/H, which is an indicator of ductility, as well as the
volume fraction of points belonging to each phase are
listed in Table 1. The M for phase 1 of Tarda falls
within the range of montmorillonite, and has a M
between 7.3 - 72.3 [12] for the x3 and x1 directions
respectively, and for a collection of particles with
randomly oriented directions, 33-39.5 [13], indicating
that the points belonging to Phase 1 are dominated by
the mechanics of smectite. This differs greatly from the
serpentine-rich clay matrix of the Aguas Zarcas, which
was found to have a modulus much less than Tarda.
The other phases contain influences from stiffer
inclusions, which have higher moduli than the clays.

Conclusions: The CCs studied here show consid-
erable differences in their mechanical response. The
more compliant phase response curves that penetrate
deeper into the matrix, suggesting that that the me-
chanical response on larger scales could be governed
by these phases. The data shown by the CCs are also of
interest because similar materials are thought to be
present on asteroids 101955 Bennu and Ryugu. Thus,
the detailed study of the CCs provides the framework
and basic knowledge with which to study the samples
returned from hydrated, clay-rich asteroids.
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Figure 1. Nano-indentation results on a-d) Aguas Zarcas and e-f) Tarda. a,c&e) Scatter plots of (M) vs (H) for each
point. Each color grouping of data corresponds to a distinct statistical phase. The ellipse major and minor axes are the
95% confidence interval bounds for each phase. a&b) Indentation Grid (i) performed in a serpentine dominated region,
and c&d) Grid (ii) includes matrix and chondrules. b,d&f) show the mean load vs. load point displacement curve for

each statistical family.
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Table 1. Summary of mechanical results from each statistical phase including volume fraction of points belonging

to each phase.

Phase 1 Phase 2 Phase 3 Phase 4
mean std mean | std mean | std mean std
H (GPa)| 2.18 0.39 2.74 0.43 432 1.28 11.09 4.99
M (GPa)| 35.33 5.76 4431 4.99 61.73 1046 | 138.01 | 57.45 -§
M/H| 16.23 1.01 16.3 1.55 14.75 3.13 13.26 465 |
Volume Fraction 0.37 0.45 0.14 0.04
H (GPa)| 0.93 0.15 1.21 0.38 NA NA |
M (GPa)| 17.81 1.85 21.47 391 NA NA g "
M/H| 1944 182 | 1845 @ 423 NA NA &8
Volume Fraction 0.77 0.23 NA N
H (GPa)| 0.24 0.07 0.93 0.93 2.33 146 | ~| &
M (GPa)| 10.72 2.28 18.76 3.76 37.72 10.47 5 50
M/H| 47.77 11.98 | 24.14 13.9 35.36 17.36 | ‘&
Volume Fraction 0.47 0.33 0.18 ©




