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 Isthe vector crustal magnetic field relative to a
current main (or reference) field model for a current
date still valid in the years (5, 10, 20) to come?

Given the following facts

o Themainfielditself changes with time (secular variation)

0 Thedegree/order ofthe spherical harmonic expansion used to
definethemain (reference) field model increases

o Directional drilling involves the mainfield at the aeromagnetic
survey time and themain field at the drilling time
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The Earth’s Magnetic Field

—_—
The observed Earth’s magnetic field B is a vector sum of the
three sources:

B=B. +B.
i OO ppTE—_-
IS defined by

0 IGRF or

o BGGM ?

Main field Crustal field
B B,
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Geomagnetic Reference Models: Current Status

Updated | Mainfield | Sceular | Crustal | External

variation field field

IGRF Five years 13 8 No No
BGGM Annually 15 13 16 — 50 1
HDGM Annually 15 15 16 — 720 1

R Spectrum of Internal Field

o The numbers are the degree/order
used in spherical harmonic (SH)
expansion.

o Onlythe IGRF is a model to define Crust
the pure main field.
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Construction of the Vector Subsurface Crustal Magnetic Field

E:> Computation of the main field (l,,, D, TMI,) grids at airmag survey time

Computation of the observed TMI anomaly using the main field at airmag survey time

Computation of TMI anomaly at depth (TMI;) by downward continuation or alike

Computation of the crustal (X, Y., Z.) component grids [k adiaul-y

E> Computation of the main field (X,,, Y, Zy) grids at drilling date

Computation of the crustal I, and D, perturbations Current deliverables

Computation of the baseline (l,, Dy, TMI,) values Dy, =Dn + D .
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The Crustal Declination and Inclination Perturbations

The crustal declination and inclination perturbations or the
residual declinations and inclinations are defined as

Y, +Y Y o
_|_
D, = arctan ———— —arctan —=

X+ X, X, \ >Y(E)
L +Z,

—arctan Zn ¢ m
JX, X P+ (Y, +Y, F X E4Y,

| =arctan

o (XY Z;) are the (north, east, vertical) components of the
crustal magnetic field relative to the main field at the
aeromagnetic survey time

o (X, Ym, Zy) are the (north, east, vertical) components of the
main field at the drilling time.
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Conventional Surface Magnetic Surveys

« Conventional magnetometers measure
the Total Magnetic Intensity (TMI), a
scalar quantity notthe vector field.

« However,directional drilling requires
o thevector magneticfield

o atdepths.
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Aeromagnetic Survey

GPS satellite
N navigation  / e
Flight Lines A

e.g., 1000m apart o Specially modified

i /l/ survey aircraft
(black lines) Sy / y

Tie lines 3x to 5x 80to 350 m

rie lin _ S Aircraft height above
flight line spacing \l, ground determined by
(red lines) radar or laser altimeter

< 10 km to 500 km >
Safety — DTM'’s, flight following, pilot training, vigilance.
Average production ~1000 line km/day
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Historical vs High-Resolution AeroMagnetic Surveys

Historical (pre-1990)

High Resolution

Maganetometer Proton/Overhauser/Cs Vapour Cs Vapour
aghelomene 0.5-0.01 nT 0.001 nT
Sampling 1 Hz (70 m) 10 Hz (7 m)
Navigation Visual/Doppler/Radio DGPS
9 10’s m (maybe a lot more) cm
. Typically 350 m with Barometric/Radar [80 m minimum with DGPS/Radar/Laser
Elevation

control — several m accuracy

control - m accuracy

Line Spacing (Exploration)

Rarely <2 km

Typically 500 m

Processing Hand reduction and contouring PC based & portable
Display Line contours Colour displays, digital grids,

enhancements, GIS
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The “Lay of the Land” Fugro Non-Exclusive Database

LEGEND:

Bl Gravity Data Only

Magnetic Data Only
Gravity and Magnetic Data
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MagCUBE™: Crustal Magnetic Modeling

Scalar crustal Total
Magnetic Intensity (TMI)
anomaly on surface

Vector magnetic field
at depths

—/

3D interpolationl
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A Field Example Offshore Ghana

IGRF-corrected TMI IGRF - BGGM BGGM-corrected TMI

170nT 20.7nT 190nT

60 km
-10nT 19.6nT 10nT
The surveyof 80 km by 80 km . The IGRF (11th generation) has a
was flown at 80 m altitude with SH degree of 13.
amean date of Dec 28, 2009. . The BGGM (v2012) has a SH
The drilling date used was degree of 50.

January 8, 2010; and the cube
deliverables cover the white
square areaof 60 km by 60 km.

We run two MagCUBE computations, one using the IGRF purely and the other using the
BGGM purely, by fixing all other parameters.

The differences demonstrate the effects of a change in the SH degree (up to 50)
describing the extremely-long wavelength (>700 km) crustal magnetic field.
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The Magnetic Field Cubes Using BGGM

declination inclination total field

Om

reference

4500 m

crustal
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The Reference Field Values and Differences

declination

BGGM

-5.64° to -5.32°

declination difference

IGRF-BGGM

0.004° to 0.008°

inclination

-19.00° to -17.70°

inclination difference

-0.002° to 0.004°

at Sea Level

T™I

31725 nT to 31845 nT

TMI difference

20.6nT to 21.3nT
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The Crustal Field Values

Processed
using BGGM

Differences
of results
processed
using IGRF
and results
processed

using BGGM

declination

-0.09° to 0.14°

declination difference

0.001° to 0.001°

and Differences at Sea Level

inclination

-0.24° to 0.20°

inclination difference

-0.001° to 0.001°

TMIl anomaly

-OnTto 190 nT

TMIl anomaly difference

-20.6 nT to -20.0 nT
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The Reference Field Values and Differences at 4500 m Depth

declination

BGGM

-5.64° to -5.32°

declination difference

IGRF-BGGM

0.004° to 0.008°

inclination

-19.00° to -17.70°

inclination difference

-0.002° to 0.003°

T™I

31805 nT to 31925 nT

TMI difference

20.9nTto 21.5nT
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The Crustal Field Values and Differences at 4500 m Depth

declination inclination TMIl anomaly
Processed
using BGGM
-0.20° to 0.30° -0.60° to 0.40° -100 nT to 260 nT
declination difference inclination difference TMI anomaly difference
Differences Almostthe same
pﬂforceessus!tesd T Ilto be signifi t constantas the
processed oo smallto be significan reference field
and results difference, with an
processed 0] ositesign
using BGGM PP g

-0.001° to 0.001° -0.001° to 0.001° -20.6 nT to -19.9 nT
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Total Magnetic Intensity Anomaly Offshore Eastern Canada

40 km

e ThelGRF-corrected TMlanomaly is from the 1-km GSC grid
« Theonlyinformation about the aeromagnetic surveys

o The average flight heightis 305 m above MSL

o The survey date was about March 10, 1986
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Differences in the Main Field Models

« Both BGGM and IGRF use a spherical harmonic degree/order
10 for 1985.0.

. The small differences in the main field models don't affect the
TMlanomaly significantly.
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The BGGM-Corrected TMI Anomaly

« Wecompute the vector crustal magnetic field from this anomaly
o using BGGMversion 2012

o fordrilling dates of October 1in 1992,1997, 2002, 2007, and 2012.

« Theestimates are for the PAST so that everything is “definitive”.
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SH Degrees of the Reference Field Models

Year IGRF BGGM
1985.0 10 10
1990.0 10 13
2000.0 10 50
2005.0 13 50
2007.0 13 50
2010.0 13 50

2011.0 13 40
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Differences between Two Crustal Declination

Perturbation Results at 4500 m Depth

1992

1997

2002

-0.0005°

-0.0018°

-0.0010°

-0.0020°

0.0000°

-0.0020°

They are the IGRF-processed
results minus the BGGM-processed
results, for different years.

The differences are too tiny to be
significant.

2007

0.0000°

-0.0020°

2012
0.0000°

-0.0020°
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The Magnetic Field Cubes on 1992-10-01

declination inclination total field

Om
reference
(BGGM)
4500 m
crustal
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BGGM Declinations at 4500 m Depth

1992
-21.9°
-22.4°
1997 2002
-20.9° -19.8°
-21.5° -20.4°
2007 2012
-18.8° -17.7°
-19.4° -18.3°
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Changes in BGGM Declinations at 4500 m Depth

1997 - 1992

2007 - 1992

1.02°

0.95°

3.16°

3.02°

2002 - 1992

2012 - 1992

2.09°

1.98°

4.22°

4.10°
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Crustal Declination Perturbations at 4500 m Depth

1992
0.36°
-0.76°
1997 2002
0.35° 0.35°
-0.77° -0.77°
2007 2012
0.35° 0.35°
-0.77° -0.76°
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Changes in Crustal Declinations at 4500 m Depth

Thechangesin 10 years are insignificant,and the changesin 15 or
20 years may be significant depending on thedrilling location.

1997 - 1992 2002 - 1992

0.008° 0.014°

-0.012° -0.026°

2007 - 1992 2012 - 1992
0.024° 0.032°

-0.040° "0.052
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Crustal Declination Perturbations and Their Changes at Sea Level

1992
0.20°
-0.38°
1997 - 1992 2002 - 1992
0.002° 0.006°
-0.006° -0.012°
2007 - 1992 2012 - 1992
0.008° 0.008°
-0.018° -0.024°
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BGGM Inclinations and Their Changes at 4500 m Depth

1997 - 1992

2007 - 1992

1992

-0.35°

-0.37°

-1.10°

-1.16°

67.7°

66.9°

2002 - 1992

2012 - 1992

-0.73°

-0.78°

-1.46°

-1.54°
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Crustal Inclination Perturbations and Their Changes at 4500 m Depth

1992
0.24°
-0.26°
1997 - 1992 2002 - 1992
0.007° 0.014°
-0.003° -0.006°
2007 - 1992 2012 - 1992
0.020° 0.028°
-0.008° -0.010°
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Deliver (X., Y., Z., TMI,) Instead of (D, I., TMI.)

This removes the dependence of the mastcomponent
subsurface vector crustal magnetic

field deliverables on the main field >

model at the drilling time.

Crustal TMI anomaly North component

_<
at 4500 m depth Vertical component
Y., +Y, Y
D, =arctan —————arctan —"
o+ X, o
Z. +2Z VA
|, =arctan — —arctan ———

X+ X P+ (Y, +Y, X 2+Y, 2

m m
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Conclusions

Thecurrentroutine practiceisto computethe crustal declination and
Inclination perturbations and the TMl anomaly: (D, I, TMI,).

Thedifferences in the crustal declination and inclination
perturbations processed by the latest versions of IGRF and
BGGMare insignificant (widely <0.001°).

Thedifferencesinthe crustal TMlanomalies due to different main
(reference)field models, at different years, and at different depths
arealmostaconstant and can be easily estimated and corrected.

Crustal declination and inclination perturbations computed for a
currentdate may bevalid for up to 20 years in the offshore
eastern Canadaexample (with an error of <0.05°).

o Actual changes with time depend stronglyon the project location.

o ltislikelythatthe“predictive” estimates forthefuture aresimilar to the
“definitive” estimates for the past, in patterns and magnitudes.
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A Consideration and A Recommendation

« |Ifthe HDGMis used as areferencemodel inthiswork,itis
expected that changes with timein crustal declination and
inclination perturbations are much smaller because the HDGM
contains shorter-wavelengths (down to 55 km) of the crustal
magnetic field than the BGGM (>700 km).

« An alternativeisto deliver the crustal (X;, Y., Z;, TMI,)
componentsinstead of (D, I, TMI.), which removes the
dependenceonthemain (reference)field at the drilling time.
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