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Diffraction-limited focusing of borehole radar aysaafter

Target-assisted hole trajectory correction.

Margarita Pavlova, lain M.Mason, Carina.M.Simmaig] dohannes.H.Cloete

Abstract — Cusps and caustics were observed on HF-
VHF borehole radar profiles, shot over 112 m across
curved mine haulages cut in the norite footwall ofa
platinum reef. Interactive forward modeling and coher-
ent imaging allowed the velocity and borehole path&
be corrected with the precision needed to synthesiza
wide aperture.
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[. INTRODUCTION

Boreholes are drilled underground to detect and gep
logical features that might have a bearing on nsafety
and efficiency. The rocks through which they ariledi
are translucent at VHF in many hard rock mines. fidles
can serve as platforms from which to launch bomrelsyh-
thetic aperture radar surveys. The precision witlickv the
positions of the elements in any synthetic array lkarown
determines its coherence aperture and bears gimttthe
resolution and the accuracy of any SAR-focused @nag

Boreholes bend. Their trajectories are difficulttermine
with the tenth-wavelength accuracy needed to aehiade
aperture diffraction-limited imaging in a VHF bodé
radar survey. Borehole gyros are expensive, and dhé.

Borehole compasses are affected by small depdsitag-
netite or ilmenite. Magnetic declination wandersriwiy
magnetic storms. These factors clutter trajectatynmtes
made even with accurately calibrated 3D compasses..

Satellite-borne synthetic aperture radars are i@t using
reference reflectors on the ground [1] [2]. 3D s@gssur-
veyors have imaged borehole geophones, to calilihate
drift space between the surface and a target resdai.
Here, we use borehole radar reflections from cunwdak
tunnels, to characterize the space surrounding stema
borehole. We then perturb a secondary hole’s ti@jgc
iteratively, to broaden its effective SAR imaginuesure.
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IIl. METHOD

The borehole radar survey was conducted in an under
ground platinum mine on the Western Limb of the lBus
veld Igneous Complex in South Africa. An outline tok
study area is shown in Figure 1. The area is dedrby
horizontal haulages that form a loop ~125m in di@me
The UG2 platinum reef forms a sheet that dips dogh\at
11° A dotted East-West line marks the intercept leetw
the planes of the reef and the haulage horizon haléages
are all ~4m high, 3m wide. They contain metal rais
ducts and water pipes, and power lines. They wetdar
the most part in the ~30m thick slab of norite teparates
the ~90cm thick, flat platinum-bearing UG2 chroteitieef
from the underlying conformal UG1 chromitite layer.
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Figure 1. Basemap showing the initial (dashed) andorrected
(solid) borehole trajectories and the mining tunnel blue dots
along GBHO1 show the locations of fan data receiver

Two 47 mm diameter (AX) boreholes GBHO1 & GBHO02
shown on the plan were both drilled from the eastdort
haulage C. Their collars lie ~20 m vertically bethethe
UG2 reef,. The longer hole —containing the ENE erast
array -- closed slowly on the dipping UG2 as dssed the
panel. The shorter hole — containing the NE secgnda
ray -- dipped at ~10.in an attempt to maintain a constant
distance between it and the UG2
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Both holes were rotary-drilled with a screw-fed riging
AXT (47mm OD) drill bits. Holes of this type tend turve
upwards and to the right, in the direction of dhit spin.
They can deviate surprisingly abruptly if they ardsults at
shallow angles. Principal faults in the area rumthi&outh.

An electronic multi-shot (EMS) digital compass was
into each borehole in order to determine theiretrtgjries
with an estimated azimuthal accuracy of°2d& +/- 5 min
100 m, i.e. to within 1 radar wavelength at thetdrotof the
band 10 MHz and to within 10 radar wavelengthsattop
of the band (100MHz). A systematic error of thislar
would cause a substantial radar squint.

A fixed offset (4.5 m) bistatic VHF borehole radeas run
on a non-conducting pulley line at 10 m/min dowid ap
GBHO01, to form a synthetic aperture with a span-510
m. Next the transmitter and receiver were separdfbéd
transmitter was pulled four times up and down atlerof
60m in GBHO2. The receiver was fixed in GBHO1 sisece
sively at 36 m, 45 m, 55 m and 66 m from its collar

The transmitter fired a train of -400V steps at kHz PRF

into a broadband (10-125 MHz) 1.75m long dipole.eOn

dipole arm was resistively loaded; the other houtes
Eorehole 1 synthetic profile
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lll. CALIBRATION OF MASTER ARRAY IN GBHO1

A model borehole radar profile of GBHO1 is compated
the profile that was actually measured in the fiaeléFigure

2. The field profile was pre-filtered and gain-stepor to

its display. The model profile was synthesized inyespos-
ing scalar arrivals from closely spaced Huygen®seary
sources on model tunnels, for each position ofhiiséatic

borehole transceiver.

Obliquity factors and radiation polar patterns wénglt
into the synthesis. The norite was assumed to Ipeobe-
neous, isotropic and loss-freBtraight faulages F and C,
along which moveout is most rapid, give faint egeah
both model and field time sections because thegldise to
the axial radiation nulls of the bistatic radaripales.

Letters A-F tie arrivals on both time sections ig.R2 to the
actual tunnels surrounding GBHO1 in Fig 1. Turmeba-
ture makes an important contribution to geometpabad-
ing. The strong caustic at [ 60m, 1.0us ] arisesabse
GBHOL1 closes on the center of curvature of thengrtiin-
nel at E in Fig 1..

The move-outs of model and field arrivals were matt

Borehole 1 profile
Distance down the hale (i)

Figure 2. Profiles with synthesized (a) and real (breflections from different parts of the

tunnel A-F shown on the basemap

electronics. In a similarly housed synchronous ixece
echoes were amplified, and fed to a 250 MS/s &rwiog-
to-digital converter (ADC). Stacking raised the dyric
range of the bistatic radar system to 11-12 biisdB).

interactively by varying velocity, time offset, atige posi-
tion of the end of the model borehole GBHO1. A Hist
match was secured by using a velocity V=112.5 m4us,
time offset To = 0.22 ps and by bending the tigGs&HO01
4.1 m to the south.
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IV. DIFFRACTION LIMITED IMAGING
A: Fan data acquisition and processing

Seven short vertical lines on the plan of GBHOFigure 1
mark axial distances from its collar at 5m intesveébmall
circles at 36 m, 45 m, 55 m and 66 m represenbsataty
receivers, into which each of which so-called farese shot
using a transmitter that moved along GBHO2.

Figure 3 shows a typical fan receiver gather. éforehole
were straight, and the velocity uniform, then tinstfarrival
would be a perfect hyperbola. It almost is. Howedevia-
tion from a perfect hyperbolic shape can be seenshight
lump at [ 16m, 0.2us ] and a wider amplitude depozs
centered at [ 35m, 0.2us ].

B: Migration & diffraction limited focusing.

Migration is also known as “SAR-focused imagingerd it
involves data translation from space-time of thetieas in
Fig. 4 to the plane that contains both boreholeso&ity
and time-zero offset were set at the V=112.5m/tsTam=
0.22 us to match figures deduced from the cuspestud
Figure 2. The traces underlying Fig. 4 were Hillteains-
formed and then migrated, perturbing GBHO02 at gzads,
in order to create the tightest possible imagethefindi-
vidual receivers at their known positions in GBHOL1.

The end-result is illustrated in Figure 5. Onlyhwihe “dog
leg” shown in borehole GBHO2 (see Fig. 1) was ggble

Borehole GBHO2 was designed to maintain a fixed 10m to see four distinct receivers simultaneously offaasmit-

elevation above underlying UG1, and a 20m deptlovbel
the overhanging UG2 chromitite reefs. Had thesésreeen
flat and parallel, the borehole straight and oéfielevation
then the secondary arrivals from first the UG1 threh the
UG2 would have been hyperbolic. Both hyperbolae ldiou
have shared the same apex ordinate. In fact the &jis1
pears to step, for its echo hyperbola splits in. thiee UG2
appears to be flatter. Its echoes are closer teaapon.
The UG2 arrival's asymmetry and apex shift suggtsis
GBHO2 drifts rises slowly towards a dipping UG2.
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Figure 3. Fan receiver gather with main reflectiondgdentified.

The radar system’s bandwidth and the shooting gaggme
allowed the reflected arrivals on fan gathers teégarated
out and muted without influencing deviations frame fper-
fect hyperbolic move out in the first arrival. Tkedevia-
tions are apparent in the muted gathers in FigureEath
exhibits a small but discernable kick (arrowed) whbke
transmitter in GBHO02 is ~16m from the horeholelar.

ter baseline. The bend shown in GBH02, while sriall
magnetic survey terms, is consistent with drillexpecta-
tions. There is north-south faulting in the area.

Receiver in GBHO1 at 36 m Receiver in GBHO1 at 45 m
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Figure 4. First arrivals of the four sets of fan d#éa with receiv-
ers spaced at ~10 m intervals in GBHO1
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V. OBSERVATIONS

It is not hard to determine the relative axial fioss of
array elements in a 10-125MHz borehole radar atcay
better than 0.1 meters, or one-tenth of a wavelermgt
100MHz. It is more difficult to determine their albste
positions, for boreholes can deviate abruptly. IBHtitings
with worn threads buckle under load. Rock layers fault
swarms may trap or deflect a drill bit.

Deviating GBHO2 to the shape illustrated in Figuteend 5
doubled the synthetic array’s resolving power.dlved the
azimuthal width of the four images in Figure 5.¢gkftrajec-
tory correction, the coherent aperture covered mbshe
borehole. The azimuthal width of main lobe variedni
two meters for the image closest to bore-sightighteme-
ters for the farthest point image.

The receiver locations for the fan data as shown in the migrated section
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Figure 5. Migrated section created after correctionof the tra-
jectory of GBHO2. Real images lie along the axis &BHO01
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VI. CONCLUSIONS

Wide aperture diffraction limited focusing can ehigved
if borehole trajectories are known accurately dritié ve-
locity model is accurate enough to support choseaya
apertures. If their sources can be mapped accyrtiteh
the cusps and caustics that develop on many nime gec-
tions can be used both to calibrate host rock ¥gloand to
fix boreholes trajectories. Studies of point spréatttions,
shot between two boreholes, can, finally, be usdikttheir
relative trajectories to a degree that is sufficienenable
the coherent, interferometric imaging of reflectors
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