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Introduction: The Surface Electrical Properties
(SEP) experiment deployed at the Apollo 17 landing site
in the Taurus-Littrow valley was a continuous-wave, ra-
diofrequency (1-32 MHz) instrument designed to probe
the subsurface from depths of meters to kilometers [1].
Unfortunately, analysis and reporting of the SEP results
were very limited, likely due to the difficulty in model-
ing the interferometric data. Subsequent impulse sys-
tems [GPR: ref. 2] offered higher resolution for terres-
trial studies without complex modeling. Modern com-
putational methods, as well as new perspectives and
spacecraft-mission results for the Moon, invite a hew
analysis of this pioneering experiment.

Background: Signals were transmitted at six fre-
quencies by orthogonal electric dipoles laid out near the
lunar module and three components of the magnetic
field were measured on the lunar rover at useful dis-
tances up to 1.6 km. Interference between the free-space
wave, direct ground wave, and waves reflected from the
subsurface form a pattern of peaks and nulls with range.
Note that the SEP only recorded power and not signed
amplitudes.

The initial rover traverse was nearly perpendicular
to one transmitter (TX) antenna; this is referred to as the
broadside configuration and the other antenna as end-
fire. The maximum energy is radiated from a dipole at
90°, so energy from the broadside antenna varies slowly
with azimuth, whereas 0° to a dipole is a null and there-
fore energy from the endfire antenna is weaker and var-
ies strongly with azimuth. Furthermore, the horizontal
components of the received (Rx) magnetic field depend
on azimuth. For these reasons, structural modeling by
waveform analysis was carried out only for the vertical
magnetic field Rx for the broadside Tx, although atten-
uation was analyzed in all six components. The data
were obtained from the NASA Space Science Data Co-
ordinated Archive (NSSDCA).

Attenuation: The gross range decay of the signals
was fit by a simple equation combining spherical
spreading, first-order interference, and attenuation:
P(dB) = Po—40 log r — ar, where Pq is a constant, « is
the attenuation coefficient (dB/m), and r is the range
(m). The loss tangent tans ~ 1.1x107 af/Ns, where f is
the frequency (Hz) and ¢ is the dielectric constant, for
tano<< 1. Keeping only fits where the fractional error in
a < 100% (9 of 36), the derived mean loss tangent is
0.0122 and the range is 0.0033 to 0.0179. Most of the
retained tan¢d are for the broadside Tx vertical Rx con-
figuration.

New regression relationships were derived for ¢and
tansof lunar samples as functions of density pand metal
M = %TiO2 +%FeO [compare to 3]. The SEP loss tan-
gents ~0.01 are consistent with laboratory-measured ab-
sorption in Apollo 17 basalts. Thus the attenuation in the
SEP data can be explained by absorption with negligible
small-scale scattering; the latter can be quantified as a
dearth of 10-m scale lateral heterogeneity and a mean-
free path of kilometers. The subfloor basalt at Taurus-
Littrow therefore is largely coherent and presents a lat-
erally uniform, if slightly absorbing, environment at RF
wavelengths.

Vertical Structure: Multilayer models for the sub-
surface dielectric structure were determined by optimiz-
ing the parameters that best fit the predictions of a nu-
merical waveform model to the SEP data. The RF mod-
ule of Comsol Multiphysics® (v. 5.2) was used to cal-
culate frequency-domain wavefields in Transverse
Electric (TE) axisymmetry (Fig. 1). 2D calculations are
fast and axisymmetry produces the required spherical
spreading. However, the broadside electric dipole
source cannot be directly represented; instead, a vertical
magnetic dipole was used, which has the same far-field
radiation pattern in the TE plane [e.g., 4]. The model
domain comprises an overlying, uniform vacuum layer
and a subsurface with vertically varying dielectric con-
stant. Perfectly Matched Layers (PMLs) simulate open
boundaries.

The cyclical nature of interference patterns in RF in-
terferometry means that the inverse problem, or estima-
tion of dielectric structure, can be strongly nonunique.
In order to better seek the global best solutions, an initial
Monte Carlo (MC) search was followed by Particle
Swarm (PS) optimization. MC simply randomly selects
parameters from specified ranges, whereas PS propa-
gates multiple models toward a best solution [5]. The
inversion was regularized by specifying 13 log-spaced
interfaces to a maximum depth of 2 km and further re-
quiring that the dielectric constant (which maps directly
to density [6]) increases with depth.

The coefficient of determination R? = 0.65 to 0.85
for the best-fit models at each frequency 1-16 MHz
(Fig. 2. what happened to 32 MHz). Joint inversion over
all frequencies performed poorly, so instead a coopera-
tive result was formed by averaging the individually de-
rived structures.

Discussion: The composite model shows a sharp de-
crease in porosity in the top 20—-30 m, with little change
below 300 m (Fig. 3). This likely tracks the transition
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from fully gardened regolith, to impact-fractured rock,
to largely intact 3.7-Ga basalt. The bottom of the basalt
was not detected by the SEP to a depth of ~2 km or
more, which is consistent with reanalysis of Apollo 17
seismic and gravity data.

Densities recovered from the SEP approach those of
solid rock at depth and reflect volcanic fill characteristic
of maria instead of highlands megaregolith and so can-
not be readily compared to the GRAIL-derived porosity
map [11]. A future SEP-like experiment would give su-
perior penetration available at low frequency compared
to the higher frequencies required for orbital operations.
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Fig. 2. Numerical computations of SEP interference pat-
terns for best-fitting stepwise models (red) compared
to SEP data (black).
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Fig. 1. Computed SEP out-of-
plane electric field power at 8.1
MHz (right) for best-fitting (Fig.
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