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(57) Abstract: A directional filter for processing full-tensor gradiometer data 1s described. The filter processes mput data using a
method comprising receiving geophysical data collected based on characteristics of geographic features in an environment, and ap -
plying a directional filter to the received geophysical data in a first mmstance so as to provide first filtered data. A filtering direction of
the directional filter 1s determined based on properties in the received geophysical data. The method also includes updating the filter -

ing direction based on properties 1 t
sequent instance using the updated fi

e first filtered data, applying the directional filter to the received geophysical data in a sub -
tering direction so as to provide subsequent filtered data, and based on the updated filtering

direction having a subsequent update less than a threshold, outputting directionally filtered data. The subsequent update 1s determ -
ined due to properties in the subsequent filtered data output from the subsequent instance.
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TITLE: Directional Filter For Processing Full Tensor
Gradiometer Data

[0001)

BACKGROUND
[0002] Gravity surveying 1S onc tcchnique' in modern exploration for mincral and
petroleum commodities. For example, detection of geophysically significant subsurface
anomalies potentially associated with ore bodies or hydrocarbon deposits can be made using
gravity surveying techniques since the existence of gravitational anomalies usually depends upon
the presence of an excess or deficit mass associated with the deposit. The presence of the deposit
can be associated with a gravitational anomaly of the body. The variation 1n gravity due to the
presence of a body of orc can be 0.00002% of the normal Earth gravity field, for example. This
relatively small effect 1s normally mecasurcd in umts of milir gals (mGal), which is the unit for

the free air and Bouguer gravity field measurements (1mGal is equivalent to 10~ m/s®).

[0003] Many gravitational measurements have been made using instruments of the
LaCoste/Romberg type that are cssentially ulirasensitive spring balances detecting a small
diffcrence in weight caused by the gravity anomaly. The measurements are subject to a wide

varicty of environmental influences, and measurcments should be performed rclative to a
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standard point that 1s used regularly during the survey as a fixed reference for removal of drifts

1n the mstrument.

[0004] In addition, some large scale geophysical prospecting has progressed towards
gradiometry. In principle, measurement of a gradient of a gravity field over a known baseline
allows accelerations due to motion of the platform 1itself to be cancelled out. Gravity gradients
arc the spatial derivative of the gravity field, and have units of mGal over distance such as
mGal/m. The standard unit of gravity gradiometry is the E6tvos (E), which is equal to 107/s* or
a tenth of a mGal over a kilometer (¢.g., gradient signatures of shallow Texas salt domes are

typically 50-100 E).

[0005] One type of gradiometry that has been used i1s three-dimensional Full Tensor
Gradient (3D FTG) technology. FTG technology was developed by the US Navy and later
adapted to the O1l & Gas industry to complement seismic technology and provide an independent
method of mmaging underwater salt and basalt arcas, for example. Thus, gravity gradient
measurements were originally collected using marine vessels or large ships to survey oceans.
For example, using Bell Geospace’s Marine-FTG' " technology, gravity gradient data collected
from ocean surveys can be used to delincate subsalt and sub-basalt structures, predict bases of

salt, and map other areas for valuable minerals.

[0006] Later, as gravity surveying moved on land, fixed-wing aircraft were adopted for
data acquisition through airborne surveys. For example, a fixed-wing aircraft, such as a Cessna
Grand Caravan, could be modified for airborne testing and evaluation, such as used within Bell
Geospace’s Air-FTG® technology. The success of airborne gravity gradient surveying to cover
wide onshore arcas with high precision data acquisition has attracted the interest of the mining

industry. However, while such data 1s very useful for mineral exploration, there continues to be
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a desire to produce higher quality data.

[0007] A Full Tensor Gradiometer (FTG) includes three distinct modules known as
gravity gradient instruments cach measuring components of differential curvature. By
processing outputs of the FTG, useful quality control measures and 1nsight into a level and color
(spectral shape) of gradiometer noise can be determined. When analyzing survey data, noise can
be caused by environmental changes such as temperature and pressure and may be evident when

studying output maps of the data.
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SUMMARY
[0008] In one aspect, a method 1s provided that comprises receiving geophysical data
collected based on characteristics of geographic features in an environment, and applying a
directional filter to the received geophysical data 1n a first instance so as to provide first filtered
data. A filtering direction of the directional filter 1s determined based on properties mn the
recerved geophysical data. The method also comprises updating the filtering direction based on
properties in the first filtered data, and applying the directional filter to the received geophysical
data 1n a subsequent instance using the updated filtering direction so as to provide subsequent
filtered data. The method further comprises based on the updated filtering direction having a
subsequent update less than a threshold, outputting directionally filtered data, wherein the
subsequent update 1s determined due to properties in the subsequent filtered data output from the

subsequent instance.

[0009] In another aspect, a non-transitory computer-readable medium 1s provided that
has stored therein instructions, that when executed by a device, cause the device to perform
functions. The functions comprise receiving geophysical data collected based on characteristics
of geographic features in an environment, and applying a directional filter to the received
gcophysical data 1n a first instance so as to provide first filtered data. A filtering direction of the
directional filter 18 determined based on properties 1n the received geophysical data. The
functions also comprise updating the filtering direction based on properties in the first filtered
data, and applying the directional filter to the received geophysical data in a subsequent instance
using the updated filtering direction so as to provide subsequent filtered data. The functions also
comprise based on the updated filtering direction having a subsequent update less than a

threshold, outputting directionally filtered data, wherein the subsequent update 1s determined due
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to properties 1n the subsequent filtered data output from the subsequent instance.

[0010] In still another aspect, a device 1s provided that comprises a processor, and a
computer-readable medium, configured to store instructions, that when executed by the
processor, cause the device to perform functions. The functions comprise receiving geophysical
data collected based on characteristics of geographic features 1in an environment, and applying a
directional filter to the received geophysical data in a first instance so as to provide first filtered
data. A filtering direction of the directional filter 1s determined based on properties in the
recerved geophysical data. The functions also comprise updating the filtering direction based on
properties in the first filtered data, and applying the directional filter to the received geophysical
data 1n a subsequent 1nstance using the updated filtering direction so as to provide subsequent
filtered data. The functions further comprise based on the updated filtering direction having a
subsequent update less than a threshold, outputting directionally filtered data, wherein the
subsequent update 1s determined due to properties in the subsequent filtered data output from the

subsequent 1nstance.

[0011] These as well as other aspects, advantages, and alternatives, will become apparent
to those of ordinary skill in the art by reading the following detailed description, with reference

where appropriate to the accompanying figures.



CA 02882128 2015-02-13

WO 2014/028593 PCT/US2013/054893

BRIEF DESCRIPTION OF FIGURES
[0012] Figure 1 i1s a block diagram 1illustrating an example geophysical instrument

system, which may collect geophysical data.

[0013] Figure 2 1s a block diagram of an example method for filtering geophysical data,

1n accordance with at least some embodiments described herein.

[0014] Figure 3 1s a block diagram of another example method for filtering geophysical

data, in accordance with at least some embodiments described herein.

[0015] Figures 4A-4B conceptually illustrate examples of input of raw data and output of

directionally filtered geophysical data.

[0016] Figures SA-5B conceptually 1llustrate other examples of mput of raw data and

output of directionally filtered geophysical data.

[0017] Figure 6 1llustrates a schematic drawing of an example computing device.
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DETAILED DESCRIPTION
[0018] The following detailed description describes various features and functions of the
disclosed systems and methods with reference to the accompanying figures. In the figures,
similar symbols 1dentify similar components, unless context dictates otherwise. The illustrative
system and method embodiments described herein are not meant to be limiting. It may be
readily understood that certain aspects of the disclosed systems and methods can be arranged and

combined 1n a wide variety of different configurations, all of which are contemplated herein.

[0019] Within examples herein, a directional filter for processing full tensor gradiometer
data 1s described. Filtering methods may be used of reducing noise 1n gravity gradiometry data.
Example filtering methods include self-steering directional filtering, which may be applied to

data when a source of a gravity anomaly has a well-defined direction.

[0020] Gravity gradiometers may be used to measure a spatial variation of a gravity field
due to subterrancan geological structures. This information can be valuable m exploration for
both mineral and hydrocarbon resources. As an c¢xample, a geophysical survey may be
conducted to measure the gravity field over an arca, for example. A geophysical survey 1s
conducted, using specialized instruments, by flying over a terrain of interest. A series of
nominally parallel survey lines can be flown until the total region to be surveyed has been

covered.

[0021] A geophysical survey may be conducted using one or more gravity gradiometer
instruments (GGIs). For example, a system including a full tensor gradient (FTG) instrument
that has three GGIs can be used. The three GGIs may be oriented 1n a manner such that, unlike a
conventional gravimeter that offers data collection only 1n the vertical (z) direction, the three

GGI system may acquire data from all directions. A GGI can measure the spatial rate of change
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of the Earth’s gravity ficld and provide a signal from which the instantancous gradient of gravity
can be derived. (Note that a measurement of gravity gradient may be preferred for detection of
gravity disturbances from an airborne platform because a direct measurement of gravity cannot
distinguish the gravity signal from accelerations of the imnstrument associated with the motion of
the aircraft in the frequency range that 1s significant for subsurface anomaly detection). Using
gravity gradient signals, detection of geophysically significant subsurface anomalies potentially
assoclated with ore bodies or hydrocarbon deposits can be made since the existence of
oravitational anomalies usually depends upon the presence of an excess or deficit of mass

associated with the deposit.

[0022] GGIs of an FTG 1nstrument may be configured to measure gradients of the nine

tensor components of the gravity gradient tensor. The gradient (e.g., first derivative) of the

gravitational acceleration 1s expressed by a symmetric tensor 7, defined as:

Ixx 1Ixy 1Ixz
T'=\Tyx Tyy Tyz|Equation (1)

Izx 1zy 1zz

where the components of the tensor 7 describe the nine components of the gravity gradients and

the tensor 7 1s the rate of change of the u component of the gravity vector with displacement n

the v direction. Five of the tensor components are independent, and four are redundant as

follows:
Ixy=1yx
I1xz="17zx .
Equation (2)
1yz=1zy

Tzz = —(Txx+Tyy)
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The first three conditions in Equation (2) arise from the potential field relations, and the forth

condition 18 a consequence of the gravitational potential being a solution to the Laplace equation.

[0023] Further, inline components of the gravity gradient tensor are defined as the Txx,

Tyy, and 7zz components, and cross components are defined as the 7xy, Txz and Tyz

components. For example, cross signals are gradients measured when any two accelerometers
align horizontally. In-line gradients are measured when the same accelerometers are at a 45
degree angle to horizontal. A gravity gradiometer outputs one cross and one inline signal. Thus,

an FTG that includes three GGIs will output three inline and three cross signals.

[0024] Other mstruments may also be used to conduct a geophysical survey. Figure 1 1s
a block diagram illustrating an example geophysical instrument system 100, which may collect
gcophysical data. The system 100 includes a radar altimeter 102 that 1s used by aircraft to
determine 1ts height above terrain. The radar altimeter 102 determines height above terrain by
using radar technology to measure the vertical distance between the aircraft and terrain. The
radar altimeter 102 transmits an electronic pulse m the microwave frequency to the Earth’s
surface. The microwave pulse reflects off the surface and returns to the sensor. Altitude 1s
determined from the pulse travel time (from transmit to receive) and from the wavetorm of the

returned pulse.

[0025] The system 100 also includes a gradiometer 104 that measures the spatial rate of
change of the Earth’s gravity field. The system 100 further includes a magnetic sensor 106 that
measures distortions and additions to the magnetic field of the Earth due to rocks and minerals
below the aircraft. For example, the magnetic sensor 106 detects the strength and direction of a

magnetic field.

[0026] In addition, the system 100 includes a light detection and ranging (LIDAR) sensor
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108 that transmits light out to a target and the light interacts with and 1s changed by the target.
Some of the transmitted light 1s reflected and/or scattered back to the LIDAR sensor 108 where 1t
1s analyzed. The change in propertiecs of the light enables properties of the target to be
determined. For example, the time for the light to travel out to the target and back to the LIDAR
sensor 108 can be used to determine the range to the target. The readings from the LIDAR

sensor 108 can be used for correction of gradients originating from the terrain, for example.

[0027] The LIDAR sensor 108 includes an inertial navigation system (INS) 110. The
INS 110 may be included within the geophysical instrument system 106 to provide a strap-down
INS for the system 100. For example, the LIDAR sensor 108 may be strapped-down to the
aircraft, therefore the INS 110 1s a strapped-down INS that measures changes in a moving frame
of reference, ¢.g., the aircraft’s fixed axes. Furthermore, the radar altimeter 102 and the
magnetic sensor 106 may be coupled to the INS 110 to receive navigational measurements in the
aircraft’s frame of reference. In contrast, the gradiometer 104 may be coupled to a gimbaled INS

to recerve INS readings 1n the gradiometer’s frame of reference.

[0028] The system 100 can also include an electromagnetic sensor 112 that measures the
effects of clectrical conductivities of rocks and minerals below the aircraft. The system 100
further includes a differential global positioning system (DGPS) sensor 114. DGPS 1s a method
of providing differential corrections to a global positioning system (GPS) receiver to improve the
accuracy of the navigation system. The GPS 1s a satellite based navigation system that provides
real time position, velocity and timing information. By receiving and processing navigation data
from three or more satellites, a GPS receiver can calculate its position on the Earth’s surface.
Using this position, one¢ or more reference receivers at known positions can provide DGPS

corrections.

10



CA 02882128 2015-02-13

WO 2014/028593 PCT/US2013/054893

[0029] The radar altimeter 102, gradiometer 104, magnetic sensor 106, LIDAR 108, and
clectromagnetic sensor 112 are each connected to the DGPS 114 to receive position information.
Thus, these sensors 1n the geophysical instrument that are connected to the DGPS 114 can tag
data collected during a survey with position coordinates so that an operator will have knowledge

of where the data was collected.

[0030] In an alternative embodiment, each sensor in the geophysical instrument system
100 (e.g., the radar altimeter 102, gradiometer 104, magnetic sensor 106, LIDAR 108, and
clectromagnetic sensor 112) may include its own internal or external GPS/DGPS system. Other

satellite based positioning systems such as GLONASS, Galileo, WAAS or EGNOSS can also be

used.

[0031] The system 100 may include more or fewer sensors and/or components as well.
For example, the geophysical imnstrument system 100 may include peripheral equipment, such as
a system control and monitoring computer, a survey planning and tracking computer, internal
GPS systems, satellite communication systems, and data processing and archival systems. When
required, for marine applications, a multi-beam echo-sounder system could also be included for a
swath bathymetry measurement and correction of free air gradients. In addition, some of the
components of the system 100 can be combined into one component, such as including the
gravity gradiometer 104 within a Full Tensor Gradient (FTG) instrument, which can perform the
functions of the geophysical instrument and an inertial platform. It should be understood that
this and other arrangements described herein are set forth for purposes of example only, and
other arrangements and clements can be used instecad and some clements may be omitted
altogether. Further, many of the elements described herein are functional entities that may be

implemented as hardware, firmware, or software, and as discrete components or 1n conjunction

11
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with other components, in any suitable combination and location.

[0032] Within examples, a precision needed to survey the Earth using instruments to
collect geophysical data may be obscured by inevitable noise in measurements. Techniques that
increase a final signal-to-noise ratio are helpful to provide higher probability estimates of

subterrancan geological structures.

[0033] One example of improving an appearance of mapped measurement data 1s to
apply a low-pass filter to collected data. This 1s a process that removes high frequencies from
data while preserving underlying low frequencies. This can have an effect of smoothing out an
image, and may be valid if no useful information was present 1n the high frequency portion of the

data set that will be lost.

[0034] However, a large number of exploration targets are by their nature directional.
That 1s, clongation of these features defines a direction. One example of such a structure 1s a
mountain ridge. Other examples of this type of geological target encountered in exploration
geology include, dykes, banded iron formations, graben, lithological contacts and thrust faults.
A spatial frequency represented by these targets may be dependent on which direction the targets
are traversed. When moving parallel to a long direction to collect data, a signal 1s slowly varying
and thus, has low frequency. When travelling perpendicular to this direction, crossing the

feature, the signal changes rapidly and has high frequency.

[0035] These clongated targets can be 1maged using a general low pass filter, and/or by
using a directional filter. A directional filter 1s a process that applies a low-pass filter to image
features that run 1n one direction, but leaves features running in a perpendicular direction
unchanged. If such a filter 1s oriented parallel to a characteristic direction of the target, high

frequency features that run along the length of the target are removed. High frequency

12



CA 02882128 2015-02-13

WO 2014/028593 PCT/US2013/054893

information perpendicular to this direction 1s preserved. These signals define a width of the
target feature, and the presence of such signals (e.g., defining width) make the target visible on

the 1mage.

[0036] It may be desired that a directional filter be aligned with target geology to
increase effectiveness of the filter. Within examples herein, a strike filter imaging method 1s
provided in which a direction of the filter varies and 1s assigned programmatically or
automatically based on properties in the collected data. A formula 1s used to calculate a strike
angle based on a characteristic horizontal direction of the gravity field estimated from its
oradient tensor. This direction 1s referred to as the strike direction, which 1n geology 1s defined
as a direction 1n which a fault plane crosses a horizontal plane, and for purposes of filtering
methods herein, can be useful in determining which data of received geophysical data to apply

the filter to.

[0037] Figure 2 1s a block diagram of an example method for filtering geophysical data,
in accordance with at least some embodiments described herein. The method shown in Figure 2
presents an embodiment of a method that, for example, could be used with the system 100 1n
Figure 1, for example, or may be performed by a combination of any components of the system
100 in Figure 1. The method in Figure 2 may include one or more operations, functions, or
actions as 1illustrated by one or more of blocks 202-212. Although the blocks are 1llustrated in a
sequential order, these blocks may in some instances be performed in parallel, and/or in a
different order than those described herein. Also, the various blocks may be combined into
fewer blocks, divided into additional blocks, and/or removed based upon the desired

implementation.

[0038] In addition, for the method in Figure 2 and other processes and methods disclosed

13
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herein, the flowchart shows functionality and operation of one possible implementation of
present embodiments. In this regard, cach block may represent a module, a segment, or a portion
of program code, which includes one or more instructions executable by a processor for
implementing specific logical functions or steps in the process. The program code may be stored
on any type of computer readable medium, for example, such as a storage device including a disk
or hard drive. The computer readable medium may include a non-transitory computer readable
medium, for example, such as computer-readable media that stores data for short periods of time
like register memory, processor cache and Random Access Memory (RAM). The computer
recadable medium may also include non-transitory media, such as secondary or persistent long
term storage, like read only memory (ROM), optical or magnetic disks, compact-disc read only
memory (CD-ROM), for example. The computer readable media may also be any other volatile
or non-volatile storage systems. The computer readable medium may be considered a computer

readable storage medium, a tangible storage device, or other article of manufacture, for example.

[0039] In addition, for the method 1n Figure 2, and other processes and methods
disclosed herein, each block in Figure 2 may represent circuitry that i1s wired to perform the

specific logical functions in the process.

[0040] At block 202, the method includes mput full tensor dataset. For example, an input
to the method 1s a set of full tensor gradiometer data as measured and output by an FTG
instrument. In another example, block 202 includes receiving geophysical data collected based
on characteristics of geographic features in an environment, and the geophysical data may
include full tensor gradiometer data and/or other geophysical data such as magnetic field

measurements or full tensor magnetic gradient data.

[0041] In some examples, the mput dataset may not include all components of the

14
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gradient tensor. Some gravity gradiometers may only measure two of the five components. A
magnetic gradiometer may only measure part of the tensor as well. Any existing methods can be

used to calculate missing gradient components from those that are present.

[0042] In other examples, 1f a potential ficld 1s measured over a sufficiently wide area, all
components of i1ts gradient tensor can be calculated. For example, 1if a downward value of
gravity 18 measured over a survey area, all five independent components of the gradient tensor
can be calculated, and 1s true of measurements of any ficld that obeys the Laplace equation and
therefore possesses the same mathematical properties that make strike filter imaging possible.

Examples include gravity, electric and magnetic fields.

[0043] At block 204, the method includes calculate strike angles. For example, the mput
dataset can be used to calculate an estimate of a local strike angle. In geology, a strike angle
may represent a direction at which a flat (planar) feature crosses the horizontal. In the context of
the directional filter, the strike angle represents a direction implied by the gradient field. The
strike angle may be determined using Equation (3), as described below.

0%
0.0,

[0044] Components of the gradient tensor can be written as T;; = , where o 18 the

gravitational potential and 1 and j are any pair of the Cartesian directions x, y and z. Then, the

strike angle, O, can be given by solutions to:

r.(r,+7 )+T.T,
2 2 2 2
r.-7T,+T.—T,

XX

tan 26 = 2 Equation (3)

Solutions of Equation (3) for 0 are separated by n/2. A correct value of 05 can be 1dentified by
evaluating the objective function (T'w)” + (T'Xy)2 + (T'y,)” where prime indicates a value of the

tensor components 1n a rotated coordinate frame. The rotation 1s about a vertical axis, and 1s

15
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oriented such that x' 1s parallel to the strike direction. The value of 05 that leads to a smaller

value of the objective function 1s an estimated strike direction.

[0045] In some examples, a presence of high frequency noise can interfere with
estimation of a local strike angle used to steer the directional filter. Under some circumstances, a
final result may be improved by applying a standard low pass filter to the data before calculating
the strike filter angle. For example, a method that can be used to pre-process the data 1s upward
continuation. This calculates the gradient field that would be observed at an altitude higher than

the actual observation altitude.

[0046] Thus, by calculating and determining a strike angle, a set of direction values to

steer the directional filter can be determined and provided to the directional filter.

[0047] Following, at block 206, the method includes applying a directional filter to the
recerved geophysical data in a first instance so as to provide first filtered data. A filtering
direction of the directional filter 1s determined based on properties 1n the received geophysical
data, for example, as described at block 204. In some examples, applying the directional filter to
the recerved data includes applying a low-pass filter to remove high frequency data

representative of geophysical features that run 1n a direction indicated by the filtering direction.

[0048] At block 208, full tensor processing is then applied to the resulting filtered full
tensor data set, so as to process the directionally filtered data to be consistent with a solution to
the Laplace equation. This brings the field measurements in line with the Laplace equation. For
example, the gravity gradient tensor obeys the Laplace equation, Txx + Tyy +T, = 0. This
imposes certain conditions on the gradient components that arise from properties of solutions to
this differential equation. Generally, the directional filter can be applied to all measured

components of the gravity gradient tensor. Afterwards, the components will no longer be
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consistent with Laplace, and this can be remedied by applying a full tensor processing method to

adjust the components to bring them back in conformation with their governing differential
equation. An cxample method of full tensor processing is the Fourier method, as described 1in
Sanchez V., Sinex D., Y. L1, Nabighian M., Wright D. and Smith D., 2005, Processing and
Inversion of Magnetic Gradient Tensor Data For UXO Applications, 18th EEGS Symposium on
the Application of Geophysics to Enginecring and Environmental Problems,

Another example method of full tensor processing is the equtvalent
source method, as described in Y. Li, 2001, Processing gravity gradiomcter data using an

equivalent source technique: SEG Technical Program Expanded Abstracts, 1466-1469.

[0049] At block 210, the¢ mcthod includes dctermining whether the process has
converged. For example, on a first iteration, the process may not converge on a first itcration,
and a second iteration may be performed where the resulting data set 1s used to recalculate the
strike angles. Thc process may be ended after a first iteration, however, in some instances n
which a determination can be made that the resulting data sct 1s filtered to a sufficient degree

(such as by a visual or manual review of the mapped data).

10050] The process may now be repeated with the filtering direction being updated based
on properties in the first filtered data, and the input data set (not the filtered data set) again being
directionally filtered, but this time using strike angle values calculated using the output of the

previous iteration. This way, a set of angle values used to steer the filter is refined at each
iteration. Applying the directional filter to the input geophysical data in a subsequent instance
using the updated filtering direction outputs subsequent filtered data. The iterations continue

until a test of convergence 1s passcd at block 210.
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[0051] In one example, a test of convergence includes tracking how much the angle
values change from one 1teration to the next. For example, the process can be set to terminate
once an average change in the strike angle 1s less than about 5 degrees, less than about 10
degrees, or less than some amount 1n a range of about 1-10 degrees. Alternatively, the output
map can be visually inspected to assess a stage at which adequate clarity 1s reached, and the full

tensor directionally filtered dataset can be output, at block 212.

[0052] Thus, within examples, the method 1n Figure 2 may be performed to iteratively
update the filtering direction based on filtered data output from a previous application of the
directional filter, and apply the directional filter to the received geophysical data in additional

subsequent instances until the subsequent update to the updated filtering direction 1s less than the

threshold.

[0053] In some 1nstances, geological features that run in different directions may cross
cach other. Even if the geological features do not actually intersect, the features may exist at
different depths. When this happens, assigning a single direction to each point in space may not
be the optimum way to process. One way to proceed in these instances 1s to apply the strike
filter imaging iteratively. The first pass may be performed as described in Figure 2. Then after
subtracting this result from the mput, strike filter imaging can be applied to the residual. The

outputs from each iteration can be summed to produce a final map.

[0054] Figure 3 1s a block diagram of another example method for filtering geophysical
data, 1n accordance with at least some embodiments described herein. The method shown 1n
Figure 2 presents an embodiment of a method that, for example, could be used with the system
100 in Figure 1, for example, or may be performed by a combination of any components of the

system 100 in Figure 1.
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[0055] Within examples, the method 1in Figure 3 may be used to apply a directional filter

to a data set, as described above as a portion of the method of Figure 2.

[0056] Initially, at block 302, data 1s input to the filter. Each item 1n the mput data set
includes four values such as, a measured quantity and three values, X, y and z to specify the

location at which the quantity was measured.

[0057] At block 304, the x and y values of the mnput data 1s transformed by rotating the
values by an angle of -0 about a vertical axis. This can be accomplished by applying x — x

cos(0) +y ¢ sin(0) and y — -x * sin(0) + y ¢ cos(0) resulting in rotated data.

[0058] At block 306, the rotated data 1s now gridded. For example, the values that are
sampled at locations related to trajectory of the survey vehicle are resampled to a set of locations
that form a square lattice of evenly spaced points. This can be accomplished by interpolating to
estimate values at these locations that now no longer correspond to locations where the data was

acquired. One method performing the interpolation includes minimum curvature gridding.

[0059] Following, at block 308, a directional filter can be applied to the data by treating
cach row of the grid as an 1solated, one-dimensional sequence of values. Applying a low pass
filter on a row-by-row basis removes high frequencies that run in the direction of the rows. High
frequency imnformation in the perpendicular direction, represented by columns of the array, 1s
largely unchanged. The low pass filter can, for example, be a digital implementation of a

Butterworth filter.

[0060] Information from this directionally filtered grid 1s now interpolated back to the
original data locations, as shown at block 310. This can be accomplished by bilinecar

interpolation. For example, the x and y values can be restored to their original state by reversing

19



CA 02882128 2015-02-13

WO 2014/028593 PCT/US2013/054893

the previously executed transformation, x — x ¢ cos(0) -y ¢ sin(9) and y —x * sin(0) + y ¢ cos(9),
SO as to rotate the values by an angle of +0 about the vertical axis, as shown at block 312. The
result 1s a set of observations that have been processed through a low pass filter that 1s highly

biased towards a direction an angle 0 from the x-direction, as shown at block 314.

[0061] The strike filter imaging method may require that the direction of the filter varies
from location to location. To do this with accuracy, the above algorithm may be executed once
for every angle value that 1s present. However, this may require much computation time. In
other examples, the process can be performed by pre-calculating directionally filtered versions of
the data for a set of selected angle values. The filtered output at a location for a given angle can
then be found by first identifying two pre-calculated data sets with the nearest angles. Then

linear interpolation between these two values 18 used to estimate the value at the required angle.

[0062] As an example, the pre-calculated filtered data sets can be generated using
directions that are multiples of 10 degrees. A given location may have the strike angle of 67
degrees, for example. Then, the nearest two pre-calculated data sets are those for 60 degrees and

70 degrees. A value of the filter output for the angle of 67 degrees 1s now estimated using veg; =

(3/10)veo + (7/10) v79 where vy 1s the value of the filter output for a direction angle 0.

[0063] Figures 4A-4B conceptually 1llustrate example of an input of raw data and output
of directionally filtered geophysical data. An artificial data set was used and constructed by
calculating a gravity field due to a set of randomly located and oriented objects with simple
gecometric shapes. Placed below the observation plane and scaled appropriately, such an array of
objects can be used to simulate a field due to geological sources. Elongated sources 402, 404,
and 406 were simulated using horizontal rod-like objects. More precisely, the rods were

horizontal, square cross-sectioned prisms, 2000m in length and 20m wide. Compact, i1solated

20



CA 02882128 2015-02-13

WO 2014/028593 PCT/US2013/054893

sources were simulated using spherical sources 408, 410, 412, and 414. In Figure 4A, a map of
the Tzz gradient component is observed on a plane above such an array of simulated sources.
The circular signatures of the spherical sources are interspersed with the linear features generated

by the long, thin prisms.

[0064] Figure 4B 1llustrates the map of the Tzz gradient component after application of
the directional filter. The amplitudes of the circular features relative to those of the elongated
features have been dramatically reduced. Although the filter may not have made this image
clearer 1n this case, the ability of the strike filter to discriminate between sources of different
characteristic gecometry has been demonstrated. Although narrow, and therefore containing high
frequency information the ficld due to the long, thin prism sources were not filtered as strongly

as that due to the wider spherical sources.

[0065] Thus, the directional filter 1s selective 1n action, and reduces amplitude of the
circular features due to spherical sources more than i1t reduces amplitude of the clongated

features due to the rod-like sources.

[0066] Figures 5SA-5B conceptually illustrate examples of other immput of raw data and
output of directionally filtered geophysical data. In this example, input gravity gradient field was
generated using real terrain as a set of sources. The gravity field over a given arca was
calculated using digital elevation information. Figure 5A 1llustrates a resulting Tzz gradient field
of the data. After strike filter imaging, a map as shown in Figure 5B 1s generated. Most of the
1solated features due to individual hills have been removed and replaced by elongated features
that indicate principal directions present in the field. Geological detail has been erased in Figure
5B and replaced with more general information about underlying trends. This can be valuable to

identify directional features of geological significance.
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[0067] In some examples, input data can be processed to select where the filter 1s applied,
or to what data the filter 1s applied. A manner of assessing how directional the gradient field 1s at
any given location can be accomplished using a dimensionless quantity known as the invariant

ratio, as shown in Equation (4).

1,/2)° .
R = Uy/ )3 Equation (4)

(£,/3)

where
1, =TT, +T,1T +T.T, —T,-T,.-T.  Equation (5)
and
I, =T.T,I.-T)+T(T.T.~T,T.)+T.(T,T, -T.T,,) Equation (6)

[0068] It can be shown that

0<R<I Equation (7)
The two extreme values of R have a straightforward physical interpretation, where R = 0 implies
that the source of the gradient field 1s elongated, and R = 1 implies that the source of the gradient

field 1s monopole 1n nature.

[0069] The 1nvariant ratio method can be used to select where to apply the filter, so as to
only apply the filter in locations where it may be appropriate. Such appropriate locations may be
assoclated with a small value of R, which indicates a directional gradient ficld. If R 1s calculated
at each of the observation locations, then fraction of the locations that have lowest values can be
identified. The direction filter can then be applied only to this subset of the data. For example,
the directional filter could be applied at data locations that have R-values in the lowest 75

percent, or some other threshold percentage (such as lowest 80 percent or lowest 90 percent).

[0070] As another example, portions of the survey data where the directional filter 1s not
applied can be replaced with an output of a standard two-dimensional low-pass filter to fill-in

data. For example, using the same cut-off value as above, 75 percent of the data with the lowest
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R-values could be replaced with an output of the directional filter and a remaining 25 percent

with largest R-values could be replaced with an output of a standard low-pass filter.

[0071] Figure 6 illustrates a schematic drawing of an example computing device 600.
The computing device 600 may be configured to perform any of the methods described herein,

such as the methods i flowcharts illustrated in Figures 2-3, for example.

[0072] The device 600 may include a communication interface 602, a strike filter 604, a
processor 606, and data storage 608. All of the components illustrated in Figure 6 may be linked
together by a communication link 610 (e.g., wired or wireless link). The device 600 may also
include hardware to enable communication within the device 600 and between the device 600
and another computing device (not shown). The hardware may include transmitters, receivers,

and antennas, for example.

[0073] The communication interface 602 may allow the device 600 to communicate with
another device (not shown), such as a mobile phone, personal computer, etc. Thus, the
communication interface 602 may be configured to receive mput data from one or more
computing devices, and may also be configured to send output data to the one or more
computing devices. In some examples, the communication interface 602 may also maintain and
manage records of data received and sent by the device 600. In other examples, records of data

may be maintained and managed by other components of the device 600.

[0074] The strike filter 604 may be configured to recerve mput data from a geophysical
collection device and filter the data as described within any of Figures 2-3. The data storage 608
may store program logic 612 that can be accessed and executed by the processor 606, and the

processor may further execute functions of the strike filter as well.

23



CA 02882128 2015-02-13

WO 2014/028593 PCT/US2013/054893

[0075] It should be understood that arrangements described heremn are for purposes of
example only. As such, those skilled in the art will appreciate that other arrangements and other
clements (e.g. machines, interfaces, functions, orders, and groupings of functions, e¢tc.) can be
used instead, and some elements may be omitted altogether according to the desired results.
Further, many of the elements that are described are functional entities that may be implemented
as discrete or distributed components or in conjunction with other components, in any suitable
combination and location, or other structural elements described as independent structures may

be combined.

[0076] While various aspects and embodiments have been disclosed herein, other aspects
and embodiments will be apparent to those skilled mm the art. The various aspects and
embodiments disclosed herein are for purposes of 1llustration and are not intended to be limiting,
with the true scope being indicated by the following claims, along with the full scope of
equivalents to which such claims are entitled. It 1s also to be understood that the terminology
used herein 1s for the purpose of describing particular embodiments only, and 1s not intended to

be limiting.
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THE EMBODIMENTS OF THE INVENTION FOR WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A method comprising:

receiving geophysical data collected based on characteristics of geographic features in an
environment;

applying a directional filter to the received geophysical data in a first instance so as to
provide first filtered data, wherein the directional filter modifies the received geophysical data
along one direction while leaving data unchanged along other directions, wherein a filtering
direction of the directional filter 1s determined based on properties in the received geophysical
data;

updating the filtering direction based on properties in the first filtered data;

applying the directional filter to the received geophysical data in a subsequent instance
using the updated filtering direction so as to provide subsequent filtered data; and

based on the updated filtering direction having a subsequent update less than a threshold,
outputting a map having a representation of directionally filtered data, wherein the subsequent

update 1s determined due to properties in the subsequent filtered data output from the subsequent

Instance.

2. The method of claim 1, wherein the geophysical data includes full tensor gradiometer
data.

3. The method ot claim 1, wherein applying the directional filter to the received geophysical

data comprises applying a low-pass filter to remove high frequency data representative of

geophysical features that run in a direction indicated by the filtering direction.

4, The method of claim 1, wherein the filtering direction 1s based on a direction determined

, r (I +T )+T_ T,
by an angle 6 calculated according to tan26 =2————— ——, where Txy, Txx, Tyy,

2 2 2 2
Txx o T}-*y T Tr: o T:,-'z

Txz, and Tyz are components of a gradient tensor of the received geophysical data.
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3. The method of claim 1, further comprising determining the filtering direction based on a

characteristic horizontal direction of a gravity field estimated from a gradient tensor in the

geophysical data.

6. The method of claim 1, further comprising processing the directionally filtered data to be

consistent with a solution to the Laplace equation.

7. The method of claim 1, further comprising:

iteratively updating the filtering direction based on filtered data output from a previous
application of the directional filter; and

applying the directional filter to the received geophysical data 1n additional subsequent

instances until the subsequent update to the updated filtering direction 1s less than the threshold.

3. The method of claim 1, further comprising:

iteratively updating the filtering direction based on properties in outputs of previous
iterations of filtered data; and

outputting the directionally filtered data based on a convergence of the updated filtering

direction.

9. The method of claim 1, further comprising:
selecting data of the received geophysical data; and
wherein applying the directional filter to the received geophysical data comprises

applying the directional filter to the selected data.

10. The method of claim 9, wherein selecting the data of the received geophysical data
COMprises:

assessing a directionality of a gradient field at given locations within the geophysical
data:; and

selecting data having a characteristic of an elongated gradient tield.
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11. A non-transitory computer-readable medium having stored therein instructions, that when

executed by a device, cause the device to perform functions comprising:

receiving geophysical data collected based on characteristics of geographic teatures in an
environment; .

applying a directional filter to the received geophysical data 1n a first instance so as to
provide first filtered data, wherein the directional filter modifies the received geophysical data
along one direction while leaving data unchanged along other directions, wherein a filtering
direction of the directional filter is determined based on properties in the received geophysical
data;

updating the filtering direction based on properties in the first filtered data;

applying the directional filter to the received geophysical data in a subsequent 1nstance
using the updated filtering direction so as to provide subsequent filtered data; and

based on the updated filtering direction having a subsequent update less than a threshold,
outputting a map having a representation of directionally filtered data, wherein the subsequent

update is determined due to properties in the subsequent filtered data output from the subsequent

Iinstance.

12.  The non-transitory computer-readable medium of claim 11, wherein the geophysical data

includes full tensor gradiometer data.

13.  The non-transitory computer-readable medium of claim 11, wherein applying the
directional filter to the received geophysical data comprises applying a low-pass filter to remove
high frequency data representative of geophysical features that run in a direction indicated by the

filtering direction.

14.  The non-transitory computer-readable medium of claim 11, further comprising
determining the filtering direction based on a characteristic horizontal direction of a gravity field

estimated from a gradient tensor in the geophysical data.

15.  The non-transitory computer-readable medium of claim 11, further comprising:
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iteratively updating the filtering direction based on filtered data output from a previous
application of the directional filter; and
applying the directional filter to the received geophysical data in additional subsequent

instances until the subsequent update to the updated filtering direction is less than the threshold.

16.  The non-transitory computer-readable medium of claim 11, further comprising:
iteratively updating the filtering direction based on properties in outputs of previous

iterations of filtered data; and

outputting the directionally filtered data based on a convergence of the updated filtering

direction.

17. A device, comprising:
a processor; and
a computer-readable medium, configured to stbre instructions, that when executed by the
processor, cause the device to pertorm functions comprising:
receiving geophysical data collected based on characteristics of geographic
features 1n an environment;
applying a directional filter to the received geophysical data in a first instance so
as to provide first filtered data, wherein the directional filter modifies the received
geophysical data along one direction while leaving data unchanged along other
directions, wherein a filtering direction of the directional filter 1s determined based on
properties in the received geophysical data;
updating the filtering direction based on properties in the first filtered data;
applying the directional filter to the received geophysical data in a subsequent
instance using the updated filtering direction so as to provide subsequent filtered data;
and
based on the updated filtering direction having a subsequent update less than a
threshold, outputting a map having a representation of directionally filtered data, wherein
the subsequent update is determined due to properties in the subsequent filtered data

output from the subsequent instance.
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18.  The device of claim 17, further comprising:

iteratively updating the filtering direction based on filtered data output from a previous
application of the directional filter; and

applying the directional filter to the received geophysical data in additional subsequent

instances until the subsequent update to the updated filtering direction 1s less than the threshold.

19.  The device of claim 17, further comprising:
iteratively updating the filtering direction based on properties in outputs of previous
iterations of filtered data; and

outputting the directionally filtered data based on a convergence of the updated filtering

direction.

20.  The device of claim 17, turther comprising:

assessing a directionality of a gradient field at given locations within the geophysical

data; and

selecting data of the received geophysical data having a characteristics of an elongated

oradient field,
wherein applying the directional filter to the received geophysical data comprises

applying the directional filter to the selected data
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