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Introduction: Deep moonquakes, occurring at
depths about halfway to the center of the Moon, were
discovered during the Apollo lunar landing missions,
1969-1972.  Their near-monthly occurrence with
nearly identical waveforms at any given seismic
station suggests that they are strongly influenced by
tides, caused by the Earth and the Sun, acting on
certain limited regions of the deep lunar interior.
However, much about them is unknown, why they
are restricted to certain depths and to limited source
regions (nests), and what they tell us about the nature
of the material and dynamics of the interior of the
Moon.

A piece of information helpful to decipher their
true nature is the spatial extent and distribution of
their hypocenters. The occurrence of nearly identical
waveforms suggests groups of hypocenters appear in
close proximity to one another, but can we tell how
closely they are located and how they are distributed?

The Apollo PSE (Passive Seismic Experiment)
data from all stations of the seismic network were
received in real time at a common receiving station
on Earth in digital form. This provided extremely
high inter-station timing accuracy not achievable for
most earthquake data on Earth at that time. We took
advantage of this to compute relative locations of
waveform-matched events, and concluded that deep
moonquake foci in the Al moonquake nest were
concentrated on a nearly horizontal plane of less than
1 km in diameter [1].

This earlier study was based on deep moonquake
events visually identified on seismograms. As such,
the events used for the analysis were limited to those
having highly similar waveforms, and this may have
influenced the earlier results. In particular, the
limited spatial extent of each hypocenter group may
have been an artifact of this selection process.

A recent reanalysis of earlier unidentified seismic
events fully utilizing the high capability of present-
day computers expanded the list of positively
identified deep moonquakes by more than a factor of
five [2]. The new list contains many events that are
not visually matched in waveforms, yet correlated at
a significant level when cross-correlated with a
computer. Thus it became imperative to reexamine
the spatial distribution of deep moonquake
hypocenters including the newly identified events.
We expected that expanding the list to include events

of lower waveform correlation might extend the size
of their source region, and might also alter the spatial
distribution of foci.

Al Moonquakes: We concentrate our initial
analysis to A1 moonquakes, which represent the most
active deep moonquake nest of all observed during
the Apollo project. It is located near 16°S, 37°W,
about 18° SW of Apollo station 12, at a depth of
about 870 km [3]. In addition to the well defined
monthly periodicity, their temporal occurrence
pattern includes semi-monthly periodicity as well as
multiple events within a few-day interval [4]. Our
earlier study [1] lists 141 events belonging to A1, and
our latest event catalog [available on-line at
ftp://ig.utexas.edu/pub/PSE/catsrepts,  file  name
levent.0704] lists 318 events. A recent computer
search [5] added 101 previously uncatalogued events
that belong to this group. The analysis reported here
is based on the second list.

Precise Determination of Relative Seismic
Arrival Times: Relative arrival times of seismic
phases, either between two different phases at a given
station or same phases between two different stations,
can be determined at a very high accuracy from the
frequency derivative of the cross phase spectrum of
the two phases [1]. By using the long codas
following P- and S-wave arrivals that are
characteristic of all deep moonquake signals, timing
accuracy that is a small fraction of the sampling
interval (151 ms in case of PSE long-period data) can
be achieved.

Variability of S-P Times: A small variation of
S-P arrival time interval relative to a reference event
is computed for each event. (1976 day 76 event was
used as a reference.) This variation is directly related
to the variation in hypocentral distance from each
station.

Results. Except for a few cases where data
quality was poor, the computed variation of S-P times
was mostly within £40 ms from the reference event at
each of the stations 12 and 14. (P-wave arrivals at
stations 15 and 16 were too weak to give meaningful
results at these stations.) An example is shown in
Fig. 1. S-P time variation of +40 ms corresponds to a
variation in hypocentral distance of about +400 m,
assuming P-wave velocity of 8.0 km/s and S-wave
velocity of 4.5 km/s in the hypocentral region.



We also looked for any correlation between the
values of the relative S-P time and cross-correlation
coefficient of waveforms, expecting to see a negative
correlation, as it would be if lower waveform cross-
correlation were due to larger spatial separation
between the two events. Contrary to our expectation,
however, no such correlation was found.
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Fig. 1. An example of distribution of S-P times
relative to the reference event of 1976 day 76. Events
of polarity same as and opposite to the reference event
are plotted separately.

Variability of S Arrival Time Differences: A
small variation of S arrival time differences between
a pair of stations relative to that for a reference event
is computed for each event and for each pair of
stations. This variation points to a variation in the
difference in hypocentral distances between stations.

Results. The computed variation of S-wave
arrival time differences was mostly within =100 ms
from the reference event for all pairs of stations. The
distribution is skewed for some station pairs,
suggesting that more events are located closer to one
station than the reference event. This is particularly
clear when station 16 is one of the pair. The
variation of +100 ms corresponds to a variation in
difference of hypocentral distances between stations
of about +450 m, assuming S-wave velocity of 4.5
km/s in the hypocentral region.

The correlation between the values of relative S-
wave arrival time differences and waveform cross-
correlation coefficient was again not apparent.

Preliminary Conclusion: The variability of both
S-P times and S arrival time differences turned out to
be about the same as those found earlier with a highly
correlated data set [1]. This is contrary to our initial
expectation. Furthermore, no clear negative
correlation between the arrival time deviation and
waveform cross-correlation also contradicts our
earlier expectation. Thus we must conclude that the
range of waveform correlation observed is not
primarily due to a large spatial spread of deep
moonquake foci, but is due to something else. One
possibility that comes to our mind is a change of
focal mechanisms from one event to the next in the
same source region. In fact, our earlier study did
indicate rotation of seismic slip direction with
changing tidal stress [1]. This may be sufficient to
explain the observed variation in seismic waveforms
without spatially relocating the source by a large
distance.

The confinement of deep moonquake hypocenters
to such a small region, much smaller than most
earthquakes here on Earth observed along and around
a fault of appreciable length, must be explained in
terms of the mechanism of their generation.

Continuing Analyses: From the relative arrival
times computed above, we are now in the process of
determining the 3-D distribution of hypocenters in
the A1l source region. Once this is done, we will look
to see if there is any correlation between hypocentral
location and other parameters, such as signal polarity
suggesting seismic slip directions and time of
occurrence, which relates to tidal stress variation.
We also plan to extend the analysis to look at source
regions other than Al to see if they may reveal
anything different.

Acknowledgements: I appreciate the many
stimulating discussions I had with my colleagues—in
particular—CIiff Frohlich of UTIG. This material is
based upon work supported by the National
Aeronautics and Space Administration under Grant
No. NNG04GG62G issued through the Office of
Space Science.

References: [1] Nakamura, Y. (1978) Proc.
Lunar Planet. Sci. Conf. 9th,, 3589-3607. [2]
Nakamura Y. (2003) Phys. Earth Planet. Interiors.,
139, 197-205. [3] Nakamura, Y. (2005) JGR, in
press. [4] Koyama J. (2005) LPS XXXVI, Abstract.
[5] Bulow, R. C. et al. (2004) AGU Fall Meeting,
Abstract P23A-0223 and personal communication.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


