Total Magnetic Field Transverse Gradiometer as UXO

Introduction Dipole Matching

This presentation is based on the Marine Transverse Magnetiofetdr (TG) Data acquired P water surface water surface water surface water surface _—
during survey at the Navy Degaussing range on Oahu. The objeftihe survey was to locate
magnetic debris possibly including Unexploded Ordinance (UXO), whicld aoterfere with ship
degaussing operations. The survey was conducted with a towed TGtiognef two synchronized n

cesium vapor magnetometers separated by 1.2 m.

Two techniques for Transverse Gradiometer (TG) data progesse described here. First, the
survey data is presented as a Quasi-Analytic Signal Mags&muiing the computed magnitude of the
total magnetic gradient vector. This quantity is also known a&rhgy/tic Signal. With this approach
only the two horizontal components of the gradient need be measuraticalbethe transverse and
longitudinal components.

In the second technique, the survey data was processed using the tpendwede total field
channels and a Dipole Field Matching algorithm to determine tt@@sgtion and depth. It allows \
target position estimation using only a single pass through the sueayesiminating the necessity 3
of compiling and analyzing a magnetic field map. ( 5

The complete set of report documents is presented. This includégigtdaand Quasi-Analytic
Signal maps, spread sheet of targets and target anomaly pagésp&ge includes a zoomed in . W
portion of the map, graphs of observed and calculaizghetic fields and digital target information. - W Wsea floor
L . . . . . .
LLII: Figure 2 If a single magnetometer is used (A), only the distance from the sensor to the target can be estimated, which
pu leaves an uncertainty in the target position. With a transverse gradiometer (B), true X,Y,Z location of the target can be
= estimated.
N > . . . . . . .
T | © The transverse gradiometer (Figure 2B) can also be treatednagnetometer sensor array. It has a substantial advantagheosergle magnetometer (Figure 2A). With such an array it is
; _,CB possible to estimate X,Y,Z target location by inverting two théddl magnetometer channels simultaneously using a dipole modelriychev, 2007). The parameters to be estimated are
®) - X,Y,Z of the dipole, magnetic moment.Jy,J, and averaginBanagnetic field value in the area. The latter can be modatd a linear function. Because only a short segment of thesdata
O used for the inversion, magnetic time variation influence can bleated: the time variation affects both sensors simultaneouadlysaautomatically included in the Earth’s field parameter
E estimation.With two sensors there is no need for multiple passedhe same anomaly, even though this would increase the @cofi@stimation. A rigid gradiometer frame guarantees that
8 relative positions on the sensors are fixed during one pass thus reductimgn poisifit common for multiple passes.

Data processing flow

Transverse gradiometer data can be treated in the following manner:
Raw Two Channel Gradiometer D%ta @ Traditional approach. Two Total Field Channels are used to interpolate a Total
Field Map. Each channel is treated with its respective pasitiDiurnal correction is
needed. In many cases the map may be obscured by low-frequeiagicg and
man-made anomalies. A single source anomaly signature carorbelex and
Include positive and negative lobes, which complicate target locdtimh-pass
filtering of the profile data to remove low-frequency geologic sigray tmve needed
prior to map interpolation. Filtering may distort the shapes ofat@malies. The
outcome is the Total Field Map, which represents both geologicdbeald(such as
UXO) magnetic anomalies. Horizontal UXO location can be rougktynated using
the position between positive and negative lobes of the magnetic anomaly.

dT/dx
computed as derivative along the path

( )

Apply diurnal correctio Convert into

Syaganatic = AdT/dx) + (dT/dy) + (dT/dz) f available Oune AN tic Signal

g J

Figure 1 Geometrics Transverse Gradiometer, similar to the one | . | .

. . . : : @ Quasi-Analytic Signal Approach. Two Total Field Channels are converted into
used in Pearl Harbor prOJeCt- Annotations show how Qua5|'Analyt|C Quasi-Analytic Signal, thus yielding only one channel, retposd to the center
Sianal iIs computed. Create Total : : the gradiometer. This simplifies overall field signature and &lgers out low-

J P Field Ma C_reate Quasi-Analytic frequency geologic structures. Diurnal correction is not requirlkd.slhgle source
P Signal Map (UXO) anomaly is bell shaped and has its maximum locateczippately above

the target. Thus the horizontal coordinates of the UXO magneticesoare readily
+ determined. The depth can be estimated based on half—width maximuralyanom
N rules. The Quasi-Analytic overview map is better suited doall target location
than Total Field Maps.

Gradiometer Hardware 'Report Documents:

Total Field Maps

A classical rigid transverse gradiometer system was usesh@vn on Figurel. It consists of two o | QUAsI Analytic Signal Maps | g
standard high speed and high sensitivity cesium vapor magnetometers naduhtdheter separation on Possible targets XYZ positions
a rigid frame. An echo-sounder (altimeter) is mounted in the mafdtee tow frame. Dual dihedral wings (worksheet)
are attached to the magnetometers at aafigle to improve hydrodynamic stability. The magnetometer Possible target matching results
sensors have high precision depth transducers installed for deptthmgcarhich are also used to estimate '
tilt angle of the system in the water. The magnetic sendepth sensors and altimeter are synchronized to \(COIOr plates)
1 ms interval. The default system sample rate is 10Hz.

@ Direct Profile Data Interpretation. Two Total Field channels can be used to
estimate target location. No diurnal correction is required. Ahesare hand
picked from the profile data by the interpreter. Future softwdaneelopment will
automate this procedure and provide for real time UXO location.

J

Figure 3 Transverse Gradiometer Data processing routes.

Data processing techniques.
Marks set by the interpreter to limit data for inversion

Using Transverse Gradiometer to compute Quasi-Analytic Signal. 260 280 300 320 340 360 380

Analytic signalis widely used in magnetic data interpretation (Roest, 1992gr(62I002). It has the
following advantages:
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@ [tis always positive.

@ |t has a simplified signature: only single-maximum anasare normally present.

@ [t allows estimation of horizontal coordinates of the latgect just by taking maximums of the
anomalies

@ |t simplifies depth computation with half-width rules or Eudeconvolution.

Total magnetic Field, nT

The Analytic signiais defined as a=,/c? +G2+G2 whesgs,.G, are orthogonal components of the
gradient vector of the total magnetic field. The analytic signabn be directly measured with the
synchronized array of three or more sensors or it can be esfimsing the measurements from just two

synchronized sensors deployed in the form of a transverse gradionhet&tter case it is termed the : : : ? i !
Quasi-Analytic Signal. 260 280 300 320 340 360 380

Portside sensor
Starside sensor

Figure 1 illustrates how the Quasi-Analytic Signal is computel thi# Transverse Gradiometer. Only the
component perpendicular to the direction of travel is measured dirébylongitudinal component is
obtained using data acquisition history along the path and may contain bptrdederivatives as well as
gradient information. The vertical gradient component can be estimsiad well-known potential
properties of the total magnetic field (Blakely, 1995) by fitignn the frequency domain.

Distance along the profile, meters

Figure 4 Sample screen shot of profile data interpretation. Interpreter selects the area of interest by putting two marks (up
and down arrows) on the graphs. The program estimates the dipole location using data limited by the marks. After the fit
IS complete, a synthetic field (field created by computed dipole) is plotted with dashed lines. Estimation results such as
position, depth, amplitude, direction of magnetization, etc. are saved in a spreadsheet.

It has been shown (Tchernychev at al, 2008) that Quasi-Analytic Sagradysis provides a good
approximation for Analytic Signal values measured with three or sensors.

Figure 5 Survey data acquisition lines. Approximate line separation is 10 m. Tracks of both
sensors are shown, with sensor separation of 1.2 m. Map is annotated with water depth as it was
recorded by on-board altimeter and depth sensors. Estimated target locations are shown in red.

Reported target information

Spreadsheet:

Target estimation results were summarized and presented tastoener as a spreadsheet with the columns listed below. Themmpastant columns are
underlined.

1. ID - Target number. All targets were sorted from South to North.

2. X(m) Y(m) Z(m) — Target position in UTM coordinates and depth below the sea floor, defitie gradiometer depth sensor and altimeter, thus eliminating
necessity of making water depth corrections due to tides .

3. Latitude and Longitude— Target position in the geographical coordinates, WGS-84, was inclodedstomer’s convenience.

4. Amplitude (nT) — This is the amplitude of the synthetic anomaly, after remolvéle ambient field. It is a qualitative measure of the ingpme of the
anomaly; however, low amplitude does not necessarily mean the anematymportant; it could be small due to an increased distarthe target.

5. FIT(nT) — This is a measure of the quality of the inversion. It isagtlequares fit between observed and modeled fields. All anorradiaded in the
spreadsheet have been analyzed for acceptable fit.

6. MASS(kg)— This simple mass estimate is based on the assumptiah tibratof steel typically has 1%cgs units of magnetic moment (Breiner, 1973). It
should be noted that real mass could differ by the order of magnitudesbanagnetic properties of the ferrous metals have large variations

7. Jtotal(cgs)- Total estimated magnetic moment of the target dipole in cgs units

8. INCLINATION (degrees) — The angle between estimated magnetic moment of the dipole anohitariane, positive downwards, in degrees.

9. DECLINATION (degrees)— The angle between estimated magnetic moment of the dipole and gemajripinith, counted clockwise, in degrees.

10. ANGLE (degrees)— The angle between magnetic moment of the estimated dipole ahd Beagnetic field.

11. DX, DY, DZ (meters)— Estimated standard deviations of the target positions, based arbétevéen observed and modeled fields.

12. MAG DEPTH (meters)— The gradiometer depth below sea surface during the survey.

13. MAG ALTITUDE (meters) — The gradiometer altitude above sea floor in the area of ripet,tén meters. The sum of columns (12) and (13) yields total
water depth in the area.

14. LINE — Data acquisition line number recorded in the field.

15. DATE TIME - The date and time of the profile data of the point closest stireated dipole location. Used for reference.

16. REFERENCE - A list of anomalies in a 10 m radius from the target ofr@#tie expressed in the format of target ID/acquisition datadlstahce (meters).
This column is blank if there are no other targets within a 10 mgadi

Anomaly pages

In the final report, each target interpretation is presented epaaege page, and all pages are bundled in one PDF file. Thiseoas@ished with the help
of Generic Mapping Tools package (GMT, 2008). Each page consisted op#mes map pane (left top), graph pane (right top) and textual infompetine at
the bottom of the page.

@ Map panedisplays the portion of diurnally corrected magméeld as a shaded color map. It is centeredhertarget of interest, which is marked as a white
star in the middle of the map. The Target ID is displayed imidye header as well as near the target itself. The remaiidines targets are displayed with
crosses (+) along with their ID’s, printed in reduced font. &fatie profile used for the inversion is shown with two line tracks tieatarget. Direction of the
survey is shown with an arrow.

@ Graph paneshows the measured and computed magnetic fields astenfuaCUTM Northing, in short notation. Horizontal axyees from South to North.
Observed magnetic field is plotted with the solid lines and individkalings are shown with circles. The modeled synthetic magnédicsfiehown with dashed
lines. This plot is provided for visual comprehension of the quality of hmgde

@ Text panehas the same information as the corresponding roleafarget worksheet. It is divided into four areas:

Region parameters, such as acquisition line, gradiometer defitlieaind closest data point with time and date.
Estimated target parameters: ID, coordinates, magnetic moameplitude.
QC parameters, such as fit and standard position deviation.

If there are other targets in 10 m distance, they are gisoteel on the page (the same as in spreadsheet) as target ¢gDdgvane / Distance.
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Figure 6 Total Field Map with diurnally corrected data. Substantial geological trend can
be seen across the area. Target locations are annotated in black.
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Region parameters:
MagLog line: 59 Median Magnetometer depth: 8.2,m Median Magnetometer Altitude: 4.5,m
Closest data point time: 09/13/07 08:37:27.189

Target estimated parameters:

Target ID: 104

Position: X=606502.7,m Y=2362819.6,m Depth below the bottom: 1.67,m

Geographical coordinates (WGS-84) Lat:21°21.86082745'N Lon:157 °58.36567754'W

Total Magnecic Moment, cgs: 845787, Inclination: 17.0° Declination 4° Angle with Total field: 21.6°
Estimated mass (based on 1 ton of steel has moment 5 x 10° cgs): 1691.6 kg

Synthetic anomaly peak to peak amplitude: 401.7 nT

Interpretation Parameters and Quality Estimation:

Least squares fit observed / synthetic: 1.82 nT, Position standard deviations, m: DX=020.03m, DY=020.01m DZ=ce0.02m

Geological background polinomial: 2
Dipole/background fit improvment ratio: 42.75

Other targets in 10 m radius (target/maglog line/distance):
99/31/4.0m,102/60/0.6m,107/30/1.6m

Area map for target ID 107
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Region parameters:
MagLog line: 30 Median Magnetometer depth: 9.2,m Median Magnetometer Altitude: 3.5,m
Closest data point time: 09/12/07 14:00:48.018

Target estimated parameters:

Target ID: 107

Position: X=606503.8,m Y=2362820.8,m Depth below the bottom: 0.61,m

Geographical coordinates (WGS-84) Lat:21°21.86143612'N Lon:157 °58.36503670'W

Total Magnecic Moment, cgs: 729724, Inclination: 47.9° Declination 22° Angle with Total field: 13.2°
Estimated mass (based on 1 ton of steel has moment 5 x 10° cgs): 1459.4 kg

Synthetic anomaly peak to peak amplitude: 136.4 nT

Interpretation Parameters and Quality Estimation:

Least squares fit observed / synthetic: 0.77 nT, Position standard deviations, m: DX=0e0.07m, DY=020.03m DZ=ce0.07m

Geological background polinomial: 2
Dipole/background fit improvment ratio: 35.26

Other targets in 10 m radius (target/maglog line/distance):
99/31/5.5m,102/60/1.9m,104/59/1.6m

Figure 8 Typical anomaly pages presented in the report. It's very
likely that both anomalies are related to the same object. Field
signatures are different due to distance variance from the field
source, however inversion results tend to cluster very closely.
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Figure 7 Quasi-Analytic Signal Map provides cleanlier view of the local anomalies of interest.
Each anomaly is positive and centered approximately above the object. The map is overlaid
with target locations obtained from profile based dipole Total Field Inversion.

Conclusions

> The complete data set acquired with the high perémce Geometrics G-882 Transverse Marine
Gradiometer has been presented.

= Various technigues were used to process the gradesrdata, including Total Field Maps,
Quasi-Analytic Signal Maps and Direct Dipole Matoil

» The Quasi-Analytic Signal map appears to haveallféatures of the Analytic Signal analysis
map which requires more magnetometer sensors amatecomplicated deployment scenario.

» The Quasi-Analytic Signal map has certain advarstayer the Total Field Map: it provides a
cleaner view of the local anomalies and does roptire diurnal correction or filtering. Most
Importantly it greatly simplifies the charactertbé magnetic signatures.

» Dipole inversion techniques were discussed anddasiglts are presented as a spreadsheet and as
color plates.

» The overall processing chain delivers comprehensio@mation to the customer.
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