
itisstraightforwardtoconductaWRRsurveyontheEarthÕs

surface,boreholeradarhardwaremakesitdifÞculttoconduct

multioffsetreßection-modesurveysinasinglehole.Overcom-

ingthisdifÞcultywouldimprovetheutilityofboreholeradar

reßectionmethodsforidentifyingsmall-scaleheterogeneities,

includingdiscretefractures.

Thispaperismotivatedbythechallengeofimaginghydrauli-

callyconductivefractures.Becauseofthesmallapertureof

mostfractures,itisdifÞculttolocateordetectdiscretefractures

withboreholeradarusingcross-holetomographymethods.

Incontrast,fracturescanbeimagedbyboreholeradarusing

reßectionmethods,whichexploitthehighreßectivityoffrac-

tures(water-saturatedfractureshavehigherrelativedielectric

permittivityandtypicallyhigherelectricalconductivitythan

therockhost)[6].Theradiationpatternofmostborehole-radar

antennas,however,limitsthestrongestreßectionstoanarrow

rangecenteredontheplaneparalleltotheborehole;reßections

fromfracturesperpendiculartotheboreholearelesslikelyto

bedetected.Multioffsetreßectionsurveys,ifpractical,would

improveresolutionoffractureswithsuboptimalorientations.

Inthispaper,weintroduceanapproachbasedonwaveinter-

ferometrythatusescross-holeradartomographytransmission

datatosynthesizemultioffsetboreholeradarreßectiondata.

Reference[13]demonstratedthattheautocorrelationofthe

seismicP-wavetransmissionresponseforlayeredEarthmedia

yieldsthesuperpositionofthereßectionresponseandthe

timereversedtransmissionresponse.Inrecentyears,useof

wave-interferometryprinciplesbasedonthecorrelationofwave

responsesacquiredwithareceiverarrayhasincreased;the

conceptshavebeenappliedinphysicalscienceandengineering

disciplineswheretheyhavebeenvariouslycalledÒdaylight

imaging,ÓÒvirtualsources,ÓandÒtheempiricalGreenÕsfunc-

tionsforarbitraryinhomogeneousmediaÓ[14]Ð[20].Weuse

thetermÒwaveinterferometricvirtualsourceÓ(WIVS).WIVS

hasbeenusedfornondestructivetestingofconstructionmate-

rials[21],forbiomedicalimaging[22],andtoimagestructures

beneathcomplexoverburdenandsaltdomes[23].Inthispaper,

weapplytheWIVSapproachtoboreholeradarsurveys,to

synthesizesingle-holemonostaticandmultioffsetreßection

responsesfromcross-holeradartomographytransmissiondata.

I I . T H E O R I E S O F W AVE I N T E R F E R O M E T R Y

Geophysicalwaves(e.g.,radarwaves)propagatingthrough

theEarthtraverseahighlyreverberantenvironment,theresult

ofamediumthatcontainsnumerousscatterers.Fornumeri-

calmodelingpurposes,themediumcanbeborderedby1)a

perfectlyreßectingmedium(theDirichletboundarycondition)
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Fig. 7. Comparison of (a) the FDTD modeled and (b) WIVS-generated
monostatic reßection proÞle in Borehole B.

some kind of migration process, evidenced by it looks smoother
and has fewer hyperbolic diffraction events. Since it takes about
25 ns for the source impulse to arrive at Borehole B [Fig. 5(b)],
the total length with formation information is no longer than
30 ns for a total time window of 55 ns. Thus, the WIVS-derived
monostatic reßection proÞle is about 25 ns. This fact reminds
us it is better to record data as long as technically possible
and economically allowable. It will be advantageous for later
data analysis.

IV. WIVS A PPLIED TO A FIELD DATASET

�� ����
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WIVS redatuming is also applied to a real world cross-
hole transmission dataset obtained from a bedrock well Þeld
consisting of two wells (SIMA1 and SIMA2, see Fig. 8) pen-
etrating 90 m into crystalline igneous bedrock (mostly gneiss
and schist) on the University of Connecticut, Storrs, campus.
The distance between the two holes is 25 m. Constant-offset
reßections surveys were conducted in both SIMA1 and SIMA2;
and the cross-hole transmission survey was conducted with the
transmitting antenna in SIMA2, and the receiving antenna in
SIMA1.

�� ���� ����	�����

The WIVS-redatumed multioffset reßection proÞles in
SIMA1 at the source depths of 26 and 54 m are shown in
Fig. 9 as the examples of WIVS redatuming for the real-world
data. The proÞle at the source depth of 29 m shows clearly a
strong reßector in a later time, and the calculation indicates it
should be located out of the space domain between SIMA1 and
SIMA2.

Fig. 10 compares the measured and WIVS-derived monosta-
tic reßection proÞle. There are numerous vertical events in the
WIVS-derived proÞle, indicating the site at the depth of radar
survey (the depths of 10Ð90 m) may be dominated by vertical
and horizontal fractures and cracks. The measured monostatic

Fig. 8. Sketch of a bedrock wellÞeld on University of Connecticut Storrs
campus to show the relative position of the two wells (SIMA1 and SIMA2)
in which borehole radar data were collected.

Fig. 9. WIVS-generated multiple offset reßection proÞle at the depths of
(a) 26 and (b) 54 m in the transmission receiver hole SIMA1. The red broken
lines denote some reßectors.

Fig. 10. Comparison of the (a) measured and (a) WIVS-derived monostatic
reßection proÞles in the receiving-hole (SIMA1) based on cross-hole transmis-
sion survey.

proÞle [Fig. 10(a)], is contaminated by the scattering hyperbo-
las originated from the tips of openings and fractures.

V. DISCUSSION

From the examples of applying WIVS to the synthetic and
measured borehole radar data, we can see that WIVS redatum-
ing may provide us some advantages.

1) Compensate the technical difÞculties to run single-hole
multioffset surveys that are useful for detecting fractures




