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Recent  high-‐‑resolution  mapping  of   the  Moon’s  gravity   field  by  NASA’s  GRAIL  spacecraft   reveals   that   the  
lunar   crust  has   surprisingly  high  bulk  porosity   [1].  The   correlation  of   strong   lateral   variations   in  porosity  
with  impact  craters  [Fig.  1]  suggests  that   impact  bombardment  has  pervasively  fractured  the  Moon’s  crust  
[2].  As  porosity  has  a  large  effect  on  
thermal   conductivity   and  
permeability,   understanding   why  
and   when   the   Moon   acquired   its  
crustal   porosity   and   how   this  
porosity   evolved   is   crucial   to  
unravelling  the  Moon’s  thermal  and  
magmatic  evolution.  

The   aim   of   this   project   is   to   use   a  
recently   developed   numerical  
model   for   the  generation  of   impact-‐‑
related   porosity   [3]   to   characterise  
the   porosity   signature   of   lunar  
impact   craters,   at   a   range   of   scales,  
as   a   function   of   preimpact   target  
properties.   Model   results   will   be  
tested   against   GRAIL   gravity   data  
and  then  used  to  develop  a  statistical  model  of  lunar  crustal  porosity  evolution  via  sequential  impacts  that  
replicate   the   Moon’s   crater   size-‐‑frequency   distribution.   The   final   model   output   will   be   compared   with  
GRAIL-‐‑derived  porosity  maps  (e.g.,  Fig.  1)  to  constrain  the  evolution  of  porosity  in  the  lunar  crust.  

Impact  cratering  is  a  fundamental  solar  system  process  that  shapes,  modifies  and  redistributes  the  crust  of  
all  planetary  surfaces,  not  just  the  Moon.  We  will  also  examine  the  efficiency  of  porosity  generation  on  other  
planetary  surfaces  with  different  gravities  and  thermal  states  to  constrain  likely  interplanetary  variations  in  
crustal   porosity.   As   porosity   and   permeability   modulate   groundwater   flow,   as   well   as   chemical   and  
mechanical  reaction  rates  that  drive  many  geological  and  ecological  processes,  impact-‐‑related  fragmentation  
during   epochs   dominated   by   impact   bombardment   may   have   important   consequences   for   hydrological,  
chemical  and  biological  evolution  of  the  primitive  crusts  of  Earth  and  Mars.  

The  successful  candidate  will  join,  and  be  supported  by,  a  vibrant  and  dynamic  research  group  with  world-‐‑
class  expertise  modelling  geophysical   flows.  They  will  be  trained  in  state-‐‑of-‐‑the-‐‑art  numerical  methods  for  
simulating  hypervelocity  impact,  impact  physics  and  high-‐‑performance  computing.    The  candidate  will  have  
the  opportunity  to  develop  their  career  and  profile  by  presenting  at  international  conferences  and  publishing  
in  high  impact  journals.  Candidates  for  PhD  positions  should  have  a  good  mathematical  background  and  a  
good   degree   in   an   appropriate   field   such   as   earth   science,   physics,   mathematics,   computer   science   or  
engineering.  

[1]  Wieczorek,  M.A.,  et  al.,  2013.  The  Crust  of  the  Moon  as  Seen  by  GRAIL.  Science  339,  671–675.  
http://dx.doi.org/10.1126/science.1231530  

[2]  Soderblom,  J.M.,  et  al.,  2015.  The  fractured  Moon:  Production  and  saturation  of  porosity  in  the  lunar  highlands  from  
impact  cratering.  Geophys.  Res.  Lett.  42,  2015GL065022.  http://dx.doi.org/10.1002/2015GL065022    

[3]  Collins,  G.S.,  2014.  Numerical  simulations  of  impact  crater  formation  with  dilatancy.  J.  Geophys.  Res.  Planets  
2014JE004708.  http://dx.doi.org/10.1002/2014JE004708    

  
For  more  information  please  contact  Gareth  Collins  (g.collins@imperial.ac.uk).  

  
For  application  details  please  contact  Samantha  Delamaine  (sam.delamaine@imperial.ac.uk)  or  write  to:  

Department  of  Earth  Science  and  Engineering,  Imperial  College  London,  South  Kensington  Campus,  SW7  2AZ  
  

This  Information  can  also  be  found  on  our  website:  www.ese.ic.ac.uk  

may be estimated globally with a precision and
spatial resolution that are comparable to those of
the GRAIL bulk density measurements (fig. S3).
If the surface composition of the Moon is repre-
sentative of the underlying crust, the implied
porosity is on average 12% and varies regionally
from about 4 to 21% (Fig. 2). These values are
consistent with, although somewhat larger than,
estimates made from earlier longer-wavelength
gravity field observations and a lithospheric
flexure model (15). The crustal porosities in the
interiors of many impact basins are lower than
their surroundings, consistent with a reduction
in pore space by high post-impact temperatures,
which can exceed the solidus temperature. In
contrast, the porosities immediately exterior to
many basins are higher than their surroundings,
a result consistent with the generation of in-
creased porosity by the ballistic deposition of im-
pact ejecta and the passage of impact-generated
shock waves.

If the crustal density were constant at all
depths greater than the lowest level of surface
elevation, our bulk density estimates would rep-
resent an average over the depths sampled by
the topographic relief, on average about 4 km.
Because the deeper crust would not generate
lateral gravity variations under such a scenario,
this depth should be considered a minimum
estimate for the depth scale of the GRAIL den-
sity determinations. If crustal porosity were solely
a function of depth below the surface, the depth
scale could be constrained using the relationship
between gravity and topography in the spec-
tral domain, because deep and short-wavelength
mass anomalies are attenuated with altitude faster
than shallower and longer-wavelength anom-
alies. We investigated two models: one in which
the porosity decreases exponentially with depth
below the surface, and another in which a po-

rous layer of constant thickness and constant
porosity overlies a nonporous basement (12).
The upper bound on both depth scales, at 1 stan-
dard deviation, is largely unconstrained, with
values greater than 30 km able to fit the obser-
vations in most regions. Lower bounds at 1 stan-
dard deviation for the two depth scales were
constrained to lie between about 0 and 31 km.
These results imply that at least some regions of
the highlands have substantial porosity extend-
ing to depths of tens of kilometers, and perhaps
into the uppermost mantle.

Our density and porosity estimates are broadly
consistent with laboratory measurements of lunar
feldspathic meteorites and feldspathic rocks
collected during the Apollo missions. The average
bulk density of the most reliable of these measure-
ments is 2580 T 170 kg m−3 (12, 17), and the
porosities of these samples vary from about 2 to
22% and have an average of 8.6 T 5.3%. Ordinary
chondrite meteorites have a range of porosities
similar to that of the lunar samples, a result of
impact-induced microfractures (18). A 1.5-km drill
core in the Chicxulub impact basin on Earth shows
that impact deposits have porosities between 5
and 24%, whereas the basement rocks contain po-
rosities up to 21% (19). Gravity data over the Ries,
Tvären, andGranby terrestrial impact craters (with
diameters of 23, 3, and 2 km, respectively) imply
values of 10 to 15% excess porosity 1 km below
the surface (20, 21), and for the Ries, about 7%
porosity at 2 km depth. Whereas the impact-
induced porosities associated with the terrestrial
craters are a result of individual events, on the
Moon, each region of the crust has been affected
by numerous impacts.

Pore closure at depth within the Moon is like-
ly to occur by viscous deformation at elevated
temperatures; this decrease occurs over a narrow
depth interval (<5 km) (fig. S12) because of the

strong temperature dependence of viscosity (22).
From representative temperature gradients over 4
billion years, and taking into account the reduced
thermal conductivity of porous rock, this tran-
sition depth is predicted to lie between 40 and
85 km below the surface, depending on the rhe-
ology and heat fluxes assumed. Where the crust
is thinner than these values, porosity could exist
in the underlying mantle. S-wave velocity profiles
derived from the Apollo seismic data (23) suggest
that porosity extends to depths up to 15 km below
the crust-mantle interface, consistent with this
interpretation.

With our constraints on crustal density and
porosity, we constructed a global crustal thick-
ness model from GRAIL gravity and Lunar
Reconnaissance Orbiter (LRO) topography (24)
data. Our model accounts for the gravitational
signatures of the surface relief, relief along the
crust-mantle interface, and the signal that arises
from lateral variations in crustal grain density as
predicted by remote sensing data (12). Crustal
densities beneath the mare basalts were extrap-
olated from the surrounding highland values,
and because we neglect the comparatively thin
surficial layer of dense basalt (14), the total
crustal thicknesses will be biased locally, but
by no more than a few kilometers. As constraints
to our model, we used seismically determined
thicknesses of either 30 (23) or 38 (25) km near
the Apollo 12 and 14 landing sites, and we as-
sumed a minimum crustal thickness of less than
1 km because at least one of the giant impact
basins should have excavated through the en-
tire crust (14, 26). Given a porosity model of
the crust, we obtained a single model that fits
the observations by varying the average crustal
thickness and mantle density. Because some of
the short-wavelength gravity signal is the result
of unmodeled crustal signals, our inversions
make use of a spectral low-pass filter (27) near
degree 80, yielding a spatial resolution that is
60% better than previous models (28). Remote
sensing data of the central peaks of impact
craters imply some subsurface compositional
variability but do not require broad composi-
tional layering (29), at least consistent with our
use of a model that is uniform in composition
with depth.

For a first set of models, we assumed that
porosity was a function of depth below the sur-
face. With a mantle grain density of 3360 kg m−3

(30), it is not possible to fit simultaneously the
seismic and minimum thickness constraints as a
result of the relatively small density contrast at
the crust-mantle interface (12). For a second set
of models, we assumed that the porosity of the
entire crust was constant with depth. With 12%
porosity and a 30-km crustal thickness near the
Apollo 12 and 14 landing sites, a solution is found
with an average crustal thickness of 34 km and a
mantle density of 3220 kg m−3 (Fig. 3). For a
38-km crustal thickness constraint, values of
43 km and 3150 kg m−3 are found, respective-
ly. By reducing the porosity to 7%, the mantle
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Fig. 2. Porosity of the lunar crust, using bulk density from GRAIL and grain density from sample and
remote sensing analyses. Image format is the same as in Fig. 1.
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Figure  1  Porosity  of  the  lunar  crust,  using  bulk  density  from  GRAIL  and  
grain  density  from  sample  and  remote  sensing  analyses  [1].  


