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Introduction: Bright swirl-shaped features on the
Moon have remained one of the most enigmatic lunar
geologic features [1, 2]. Generally, lunar swirls have
high albedo, low optical maturity, and often exhibit
dark lanes that interweave with brighter features.
Swirls are also correlated with magnetic anomalies [3].
Traditionally, there have been two classes of
hypotheses to explain swirls. The first suggests that
impacts of comets or meteoroids scoured away the
mature surface layers of lunar soil, leaving behind
bright, immature material [4-6]. The second hypothesis
suggests that the magnetic fields associated with swirls
stand off the solar wind protons, and prevent the
maturation of the underlying soil [3, 7]. The first
hypothesis has difficulty explaining the strong crustal
magnetization observed at swirls, while the second
cannot account for the lack of obvious micrometeoroid
weathering at swirls.

Here we present two new sets of observations about
lunar swirls, both of which motivate a new hypothesis
for their formation. The new formation mechanism
makes use of the electric fields that are inferred to exist
at lunar crustal magnetic anomalies, and electrostatic
dust lofting processes.

Magnetic field strengths at swirls: Under the
solar wind stand off model, dark lanes form in swirls
due to the deflection and focusing of protons in areas
that are otherwise shielded [3]. The width of these
darker regions should be limited by the gyrodiameter of
protons as they spiral to the surface. Several dark lanes
at Reiner Gamma have widths of ~600 m, Figure 1.
Assuming a proton pitch angle of 45° and a velocity of
400 km/s, the near-surface magnetic field required to
produce a gyrodiameter of 600 m is 12,000 nT. This
estimate is a minimum, since the motion of the protons
will not be perfectly adiabatic.

Such high fields near the surface require
significantly magnetized material. ~ For example,
modeling the magnetic anomaly as a magnetized disk
of radius 2 km (typical swirl length scale), height 2 km
(typical mare thickness), and buried just below the
surface, the required magnetization is ~20 A/m.
However, the most magnetic lunar samples ever
measured have magnetizations of ~1 A/m. Therefore,
either the materials at Reiner Gamma are unusually
magnetic, which itself is an interesting conclusion, or
the solar wind stand off hypothesis is incomplete.
Considering the expected micrometeoroid weathering
at swirls, and observations of the spectral properties of
swirls (below), we will explore the latter scenario.

Spectral characterization of lunar swirls:
Differences in space weathering on a normal mare
surface can be visualized by plotting band strength

(950/750 nm) vs. albedo (750 nm) [8]. Pixels from a
large surface area will form a linear trend in this plot,
with mature soils plotting in the upper left corner, and
immature soils plotting in the lower right. The solar
wind standoff model predicts that soils within swirls
should plot on the lower right corner of the
background trend. However, soils within swirls form
independent linear trends that are displaced from each
other in band strength and albedo, when moving
outward from the center of the swirl (Figure 2). If
solar wind and micrometeoroid bombardment produce
the same nanophase iron as the main weathering agent
that creates the normal linear weathering trend, the
observed multiple trends is inconsistent with the solar
wind stand off model.

Swirl formation by transport of fine dust: We
seek a model for swirl formation that permits
micrometeoroid weathering, explains the association
with magnetic fields, explains the spectral properties
of swirls, and explains the structure of dark lanes.
The model is based on the observations of weak
electric fields at the crustal magnetic anomalies at the
Apollo 12 and 14 sites [9-13]. These electric fields
form by charge separation, due to the differential
penetration of solar wind electrons and protons into
the magnetic field. Positive voltages at each site were
inferred from observations of particle accelerations by
Apollo surface instrumentation. For the Apollo 12
site the 38 nT magnetic field produced a ~100 V
potential, with a length scale of 5 km, producing an
electric field of ~2 x 107 V/m, in agreement with the
estimate in [14]. Similarly, at the Apollo 14 site (~75
nT) the electric field is inferred to be ~5 x 102 V/m.

In a process that is unrelated to crustal magnetic
fields, fine lunar dust is lofted above the surface by
electric fields. This phenomenon has been observed
by a number of spacecraft and instruments [15-19], at
altitudes above the lunar surface ranging from
centimeters to kilometers. The exact mechanism of
lofting is not known, but a number of observations
suggest it operates mainly in the terminator region.

In our model we assume that fine dust is lofted
twice a day at each terminator crossing. The average
lofting time for a grain is unknown, but models
suggest between seconds and minutes [16, 20]. The
size of lofted grains is also not well known, but is
likely below 10 pum in diameter [16]. We assume the
grain is at an equilibrium potential of 10 V, and
calculate its charge following [21].

In Figure 3 we show that lunar dust of up to 10 pm
can be transported over the length scales of swirls in
time periods that are comparable to the solar wind
weathering timescale (100,000 yr [22]), for reasonable
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lofting times (>3 s) and electric fields (< 50 mV/m).
Smaller dust grains are more easily transported.
Because fine dust (< 45 pum) dominates the spectral
properties of lunar soil and the < 10 um fraction is the
most weathered [23], this transport process may lead to
spectral properties similar to what is observed at swirls.

Figure 1: Reiner Gamma swirl. Arrows indicate dark
lanes with widths less than ~600 m.
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Figure 2: Swirl north of Reiner Gamma swirl. Top:
Locations for pixels shown in bottom panel. Bottom:
Band strength vs. albedo trends for rectangles in top
image. Dark blue pixels represent the background
weathering trend.

We note that crustal magnetic anomalies exert
attractive or repulsive forces on the magnetic dipoles of
fine dust. However, there is an equal probability of
repulsion and attraction, making the net effect likely
small, even if other difficult conditions are met.

Dark lane formation. Under the dust transport
model, dark lanes can be explained by regions where
the net horizontal electric field is zero, and dust
transport is halted. Such regions may be due to
adjacent positive electric anomalies that nullify each
other’s fields, or symmetric charge distributions that
create internal regions of zero horizontal field.

Conclusions: Horizontal fine dust transport is a
viable mechanism to explain the unusual weathering
trends at lunar swirls. The model can be further

tested with better topography and spectral
data.
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Figure 3: Transport distance for a 10 pm lunar dust
grain at 10 V, for a variety of horizontal electric fields
and lofting times. Assumes the grain is lofted twice
each lunar day, and the probability of lofting is unity
at each lofting opportunity.

References: [1] Schultz, P. (1976) Moon Morphology, U.
of Texas, p 626. [2] Hood, L.L., et al. (1979) Science 204,
53. [3] Hood, L.L. & C.R. Williams (1989) LPSC 19, 99.
[4] Schultz, P. & L. Srnka (1980) Nature 284, 22. [5]
Starukhina, L.V. & Y.G. Shkuratov (2004) Icarus 176,
136. [6] Pinet, C.P. et al. (2000) JGR 105, 9457. [7] Hood,
L.L. & G. Schubert (1980) Science 208, 49. [8] Lucey,
P.G,, et al. (2000) JGR 105, 20377. [9] Neugebauer, M., et
al. (1972) Planet. Space. Sci. 20, 1577. [10]Burke, W.J., et
al. (1975) LPSC 6™, 2985. [11] Siscoe, G.L. & B. Goldstein
(1973) JGR 78, 6741. [12] Goldstein, B. (1974) JGR 79, 23.
[13] Clay, D.R., et al. (1975) JGR 80, 1751.[14] McCoy,
J.E. (1976) LPSC 7th, 1087. [15] Zook, H.A. & J.E. McCoy
(1991) GRL 18, 2117. [16 Criswell, D.R. (1972) LPSC 3",
2671. [17] Berg, O.E., et al. (1976). in Interplanetary dust
and zodiacal light, 31%, Springer-Verlag. [18] Zook, H.A. et
al. (1995) LPSC 26th, 1577. [19] Severnyi, A.B. et al.
(1975) Moon 14, 123. [20] Stubbs, T.J. et al. (2006)
Adv. Space Res. 37, 59. [21] Lee, P. (1996) Icarus 124, 181.
[22] Hapke, B. (2001) JGR 106, 10,039. [23] Noble, S.K.,
et al. (2001) Meteorit. & Planet. Sci. 36, 31.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


