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Introduction: Blocks  and  smaller  boulders  on
planetary surfaces have been usually investigated with
size-frequency distribution measurements. A feature of
blocks  that  has  received  little  attention  is  the
fragmentation  in  place,  i.e.,  instances  of  disruption
without dispersion [e.g., 1-3]. This definition denotes a
split block or boulder whose fragments have not been
scattered and can thus be traced back to their original
position in the parent block or boulder. The study of
[4] found that such morphologies can be analyzed to
constrain  the  fragmentation  process  and  regolith
formation.  Here I review the findings reported in [4]
using  orbital  LROC/NAC  images  and  present  new
observations of block fragmentation from lunar landed
missions, namely Apollo and Chang’E-3.

Characteristics  of  fragmented  blocks:  The
relative  abundance  of  fragmented  blocks  (5–20  m
wide) in a population increases with surface exposure
age,  whereas  the  range  and  type  of  rupture
morphologies  remain  relatively  unaffected  through
time.

Unless  the  geologic  context  indicates  otherwise,
most blocks with a low ratio Arealargest  fragment/Areacluster

observed  on the Moon,  and possibly on other  rocky
planetary  surfaces,  can  be  interpreted  as  being  the
product of impact bombardment. On the Moon, daily
thermal stresses are possibly responsible for additional
fragmentation of blocks. In the first few million years,
non-uniform  solar  heating  appears  to  enhance
fragmentation of blocks through meridional cracking.
Further  fragmentation  with  time  is  not  evident  until
several hundred million years, when fillet morphology
develops,  possibly  due,  but  not  limited  to,  thermal
fatigue.

The  frequency  of  projectiles  responsible  for
fragmenting the blocks is  consistent  with the impact
rate of near-Earth objects.

The  slope  of  the  size-frequency  distribution  of
projectiles  is  consistent  with  the  size-frequency
distribution of near-Earth objects.

These findings justify the use of the abundance of
fragmented blocks in a population as a dating tool for
small (<1 km2) and/or young  (<200 My) surfaces to
complement  the  canonical  crater  size-frequency
distribution  measurements  used  to  date  global  and
regional scale terrains. The approach is not based on
the identification of  impacts  with craters,  but  on the
identification of impacts by fragmented blocks that are
sensitive only to primary projectiles [4].  In this way

the age is not affected by the possible role of secondary
small  impact  craters  [5].  Compared  to  a  previous
dating  technique  based  on  blocks  [6],  the  new
approach does not require a priori  knowledge of the
original (t=0) abundance of blocks.  The major source
of errors for the new dating technique is related to the
production  function.  Currently,  the  size  frequency
distribution in the range 0.04 – 0.2 m is described only
by [7] using measurements of fireballs and by [8] using
an extrapolation. Improvement on the production will
be  possible  using  size-frequency  distribution
measurements of fragmented blocks on populations of
different ages on the Moon.

 Observations  of  disrupted  blocks  from  the
lunar  surface:  Here  in  situ  observations  by  lunar
landed  missions  are  used  to  investigate  the
morphologies  of  shattered  blocks. The  characteristic
morphology for low disruption energy is a simple pit
with a spallation zone (Figure 1a). There are instances
where a single fracture cuts through the entire block,
with or without  some displacement  of  the fragments
(Figure  1b,c).  Examples  of  events  with  higher
disruption energy show spalled and slightly dispersed
fragments,  together  with  fractured  but  un-shattered
fragments  (Figure  1d,e).  The  cluster  of  the  White
Rocks (Figure 1e) is remarkable because it has a spall
without fillet (fragment 3, Figure 1e) and a remaining
cracked  target  block  (fragment  1  and  2)  with  onlap
fillet.  The  difference  in  fillet  morphology  clearly
demonstrates  the  occurrence  of  an  event  well  after
emplacement  of  the  parent  block  as  ejecta  [9].  This
scenario is consistent with the brightness of the blocks
observed  from  orbit  (Figure  2).  In  instances  where
blocks  are  not  impact-shattered  and  survive  long
enough  on  the  surface,  the  abrasive  role  of
micrometeorites  becomes  evident  with  the
development of fillets (Figure 3, 4).

Conclusions The  morphologies  observable
from in situ imagery of fragmented blocks support the
findings obtained using LROC/NAC images,  namely
that an instance of fragmented block on the Moon is
likely the record of a meteoroid impact. Because the
size of the projectile is  a function of the size of the
parent  block,  the  size-frequency  distribution  of
impacted  meteoroids  can  be  measured  from  a
population of blocks, and a surface exposure age can
be derived.
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Figure 1. Example  of  blocks  fragmentation  with
increasing  disruption  energy.  (a)  Arrows  indicate
spallation zone due a relatively small meteoroid [10].
Outhouse block on the rim of North Ray crater, A16.
Visible  part  of  block  is  ~2m  wide.  AS16-116-
18653HR.  (b)  Arrows  indicate  fracture  plane
separating  fragment  labeled  (1)  from  fragment  (2).
These are boulders number 4 and 5 at station C6, A16.
Image  width  ~2m.  AS17-140-21429HR.  (c)  Arrows
point to a fracture separating two large pieces labeled
(1) and (2) [10]. Split Rock on the rim of Cone crater,
[10] Split Rock is ~70 cm wide. AS14-68-9445HR. (d)
Cluster of fragments 4 m long, ~1.5 m high. Note the
localized and slightly radial fractures (a and b). Loong
Rock on the rim of C1 crater, Chang’E-3 landing site
[11]. (e) Cluster of fragments where fragment (3) has
been broken from fragment (1) or from fragment (2)
[9].  Arrows  indicate  sharp  block  edges.  Note  the
absence of fillet under fragment (3) and fillet onlap on
the other fragments. White Rocks at station C1 on the
rim  of  Cone  crater,  A14.  The  cluster  of  fragments
including (1), (2) and (3) is 10 m wide. Fragment (3) is
2.5 m wide. AS14-68-9448HR - AS14-68-9451HR.

Image  2. Location  of  figure  1e  observed  from
LROC/NAC,  image  width  ~40  m.  The  higher
brightness of the blocks relative to the surrounding can
be  due  to  the  recent  formation  and  exposure  of
fragments by impact shattering of a parent block.

Figure 3. ~ 1 m wide mound with fillet and
superimposed  fragments.  AS12-46-6822HR.  This
configuration  of  fine  grained  loose  material  and
fragments (including high aspect ratio rocks) might be
the result of a combination of micrometeoroid abrasion
and an impact shattering event. The largest fragment in
the foreground might be allochtonous, as suggested in
[12].

Figure 4. Mound composed of very compacted
fine clumps with well developed erosional fillet, ~1 m
high and 6 m wide. AS12-46-6795HR. This landform
could represent a survivor block (or indurated clumps
of  regolith  [12])  that  was  not  catastrophically
fragmented and was subject to a prolonged erosion by
micrometeoroids. Here, the role of erosion by diurnal
thermal stresses is poorly constrained [12].
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