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ABSTRACT

Hydrothermal springs on mid-oceanic ridge crests and on
seamounts create polymetallic sulphide deposits that are
thought to be models for many ancient ore-deposits now found
on land. For the first time, possible subsurface extensions
of these sulphide deposits and the properties of the upper
few tens of meters seafloor basalt have been investigated

with a geoprhysical method.

An electromagnetic technique has been developed to
determine the electrical resistivity structure beneath the
seafloor. A self-contained generator at the seafloor feeds
a commutated electric current to two electrodes at either
end of a vertical, long, insulated wire. The receiver is a
remote induction coil magnetometer. Both instruments are
self-contained and microprocessor-controlled, recording
transmitted and received waveforms in random access memory.
They are deployed from the ship to the seafloor where a deep
submersible adjusts their separation to prearranged values
at prearranged times. Both instruments are subsequently
recovered and interrogated. The data are measurements of two
horizontal components of the magnetic field as a function of
transmitter-receiver horizontal separation and transmitter

frequency.



The acronym MINI-MOSES was chosen for the method because
- similar to the MOSES method previously developed but over
smalleyr spatial dimensions - its geometry is carefully
arranged to remove many of the adverse effects of the
relatively conductive sea water. In particular, accurate
estimates of sea floor resistivity are possible because the
data are proportional to the transmitted current from the

source into the crustal material.

A sea test of the method in 2.2 km deep water was
conducted near an active hydrothermal sulphide zone on the
Northern Juan de Fuca seafloor ridge. The survey results
are consistent with 20 Om electrical resistivity or 12%
porosity for the upper few tens of meters of basalt. Any
sub-bottom metallic sulphide deposit at the site was found
to be smaller than economic deposits on land. The technigue
should now be applied to a deposit located in an inactive
hydrothermal area, or off the ridge-axis, or on a seamount.
Detailed geological information from such a survey could
provide a better understanding of many ancient deposits

found on land.
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1. INTRODUCTION

Most of the world’s copper and zinc resources are
contained in metallic sulphide deposits. A large portion of
them have been attributed to magmatic-hydrothermal processes
at mid-oceanic spreading centers and subducting plate
boundaries (figure 1-1). The Kuroko ores of Japan and the
pyritic ores of Cyprus have long been explained with
submarine volcanism (Peters, 1978, chapter 4; Lydon, 1984).
The advent of the deep ocean submersible has led to the
chance discovery éf a number of polymetallic sulphide
deposits in the vicinity of hydfothermal venting {(figure 1-
2} on the ocean floor {(CYAMEX, 1979; RISE, 1980; Hekinién,
1984)., The sizes of individual deposits are largely
unknown, although one estimate by Malahoff (1982) ranged up
to several million tons - the typical Fize of Cyprus
orebodies. The seafloor deposits might not become economic
for many decades, but a study of them might well provide the
geologist with a better understanding of the mineralogy
(Qudin et al., 198l1), the depositional environment (RISE,
1981}, and the causative hydrothermal processes (Cathles,
1980; Strens and Cann, 1982) of ancient deposits now located

on land.
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1.1 THE TARGETS

Polymetallic sulphide deposits at the centers of mid-
oceanic ridge crests measure up to tens of meters across
their surface (Hekinian et al., 1980) whereas those located
in the marginal fault system (Malahoff, 1982} and on
seamounts (Hekinian, 1984) may be up to hundreds of meters
in size. High temperature hydrothermal leaching of seafloor
basalts (Mottl and Holland, 1978; Mottl et al., 1979)
provides the building material for the sulphide deposits.
Major constituents are the non-magnetic minerals pyrite
(FeSZ), sphalerite (ZnS) and chalcopyrite (CuFeSz) with very
little of the magnetic pyrrhothite present (Haymon and
Kastner, 1981). The densities of these minerals range from
3.5 to 5.2 g/cm3 {(Telford et al., 1976, table 2.6). Pyrite
and chalcopyrite from land deposits are good electrical
conductors averaging 0.3 m and 0.004 Qm, respectively,
whereas sphalerite is relatively resistive with an average

of 100 Qm (Telford et al., 1976, table 5.2).

The bulk resistivity depends on the texture of the
deposit as well as on the relative abundances of the
conductive minerals. In particular, seawater with 0.31 Qm
{Bullard and Parker, 1970} filling the interstitial space

may modify the bulk electrical parameters. The electrical

resistivity of the hydrothermal fluids filling the pores in
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the sulphide deposits might be reduced by an order of
magnitude due to temperatures of up to 420°C. An increased
salinity may further decrease the electrical resistivity.
The porosity of samples from active vents was visually
estimated to 10-30% whereas inactive vents would lie around
5-15% and older deposits tend to seal off with an oxide
crust (J.M. Franklin, private communication). Crawford et
al. (1984) estimated 25-50% in situ fluid content for

polymetallic sulphides on the East Pacific Rise at 21°N.

The deposits are embedded in seawater-saturated basalts.
Drillhole results (Hyndman et al., 1983) indicate densities
around 2.8 g/cm3, porosities around 12 % and electrical
resistivities of tens of ohm-meters below the top few
hundred meters of geologically young seafloor basalts. (No
reliable information exists for shallower depth because of

the drillhole casings.)

The depth extent and shape of the seafloor deposits is

unknown. Their composition has heen inferred from surface

samples, but it may be different at depth because of the
different depositional environment (Rona, 1976; Hekinian et
al., 1980). The lateral (and depth) variations in basalt

effective porosity ("water/rock mass ratio", Seyfried and

Mottl, 1982) which set the conditions for the hydrothermal

alteration, are largely unknown,



1.2 POSSIBLE GEOPHYSICAL TECHNIQUES

Geophysical techniques can provide information on
changes in physical parameters at depth. Gravity
measurements {RISE, 1980) have been used to delineate the
magma chamber that drives the hydrothermal circulation and
they could be used to investigate the sulphide deposits,
which are probably denser than their host rocks. Small
deposits will certainly be overloocked because the associated
gravity anomaly would be smali. Further, levelling on the
seafloor within a submersible is a difficult procedure and
severely limits the accuracy of gravity measurements (RISE,
1980). Magnetic field measurements might delineate the
extent of the hydrothermal alteration zone through the
associated decrease in magnetization (Dr. Paul Johnson,
private communication). They do not seem generally suitable
for investigating sulphide deposits because these contain
little magnetic minerals. Electromagnetic methods, on the
other hand, respond to bulk electrical resistivity, which in
turn is determined by the concentration and composition of
the sulphides and by the water content or porosity of the
basalts. The resistivity contrast between sulphides and the
host basalts i1s presumably high so that the subsurface
extensions of the deposits may be outlined. Therefore, as

on land, electromagnetic methods seem to be the most

promising technigques for investigating depth extent, shape.,



and composition of the polymetallic sulphide deposits and

also the porosity of the basalts that host the deposits.

The sulphide targets are relatively small {tens to
hundreds of meters) compared to the water depth (2000 m).
The instrumentation thus must be located on the seafloor
because surface methods cannot resolve features located at

distances 10 to 100 times the target dimensions.

Electromagnetic seafloor methods use ionospheric
magnetic field variations below a few cycles per hour as
sources (Cox,‘l981), They have been used to investigate the
electrical conductivity of oceanic lithosphere down to
hundreds of kilometers (e.g. reviewed by Cox, 1981; Law,
1984). An electromagnetic method for the much shallower
sulphide targets requires higher fredquencies. The seafloor
at mid-oceanic ridge-crests is shielded from frequencies
above about 10 cycles per hour by at least 2 km of
conductive seawater. This excludes the use of passive
frequency-sounding methods for the sulphide targets while on
the other hand providing a very low noise environment for

active source methods. Apart from narrow-band

hydrodynamically-generated fields limited to a few
processes, the ambient noise level is at the nV/m (electric
field) or pT (magnetic induction) level (Chave and Cox,

1982).



Inductive sources that generally require large loops

pose logistic problems whereas grounded electrical sources

are favoured by low resistance coupling to the conductive

seawater.

Conventional electrical techniques con land normally use
horizontal electric bipoles to transmit electric current
inte the ground and pairs of non polarizing electrodes to
measure electric fields in the wvicinity. Young and Cox
(1981) demonstrated their feasibility for measuring seafloor
conductivity. Francis (in press) very recently used the
French deep submersible CYANA to deploy a Wenner-array on
the seafloor in order to measure the resistivity of both
sulphides and basalts. The voltage measured in his
configuration is

v = L [;L___+i_]“1 (1)

P, P -

where I dis the transmitted current, d is the HWenner

spacing, p is the water resistivity and Py is the

0
seafloor resistivity. The dashed line in figure 1-3 shows
that very conductive sulphides on the seafloor would be well

resolved. It also shows that this measurement becoﬁes
insensitive to the seafloor resistivity if the latter
increases much beyond the water resistivity. Another

disadvantage is that the rugged topography in the wvicinity
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Figure 1-3: Comparison between the MINI-MOSES technique and the
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induction and electric voltage, respectively, for fized geometry.
They are plotted versus the seafloor regsistivity normalized with
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sounding becomes insensitive to seafloor resistivity if the
latter is large compared to the seawater resistivity whereas
MINI-MOSES cannot resolve very small seafloor resistivities.




of the sulphide deposits will seriously distort the measured

electric field.

1.3 THE VERTICAL SOQURCE METHOD

A vertical electric bipole on the seafloor, transmitting
current into the seafloor, produces the azimuthal magnetic
field (see chapter 2):

T a b

H¢ ® Zrnr j 2 2 [ 2.2 ] Py [pl+ DU]MI (2)
r-+a r-+b

where r.a,b define the geometry and I,pD and p, are as in

{l). The solid line in figure 1-3 shows that this
measurement H¢ becomes very sensitive to the seafloor
resistivity 1f the latter is higher than the water
resistivity. It also shows that the conductivity of
extremely conductive sulphides would not be well resolved.
Topographic effects should be small because the measured

magnetic field is an integral quantity that depends on a

volume of current density underneath the receiver.

A combination of horizontal electric sounding and the

vertical source / horizontal magnetic field measurement



would obviously be the most comprehensive approach. The
horizontal electric sounding is feasible as Francis (in
press) has shown. I attempt to show in this thesis the
feasibility of the vertical bipole technique for seafloor

sulphide exploration.

The vertical electric bipole method - proposed by
Edwards et al. {1981) and tested by Nobes (1984) and by
Edwards et al. (1985) - has been assigned the acronym MOSES
for magnetomeﬁric off-shore electrical sounding. It is
schematized in figure l-4a. An electric current I generated
on the ship is fed into an insulated wire with grounding
electrodes at the sea surface and at the seafloor. The
remote high-sensitivity ocean bottom magnetometer (0BM)
measures the azimuthal magnetic field at a distance r from
the source bipole. This magnetic field is proportional to
the net electric current that passes into the seafloor
through the circular area rr® centered around the source
bipole. Although very sensitive to the seafloor
resistivity, the magnetic field is rather small {nanotesia
level) which led Nobes {(1984) and Edwards et al. (1985) to
use newly developed high-sensitivity flux-gate magnetometers
for their tests of the vertical source method. An
inexpensive practical alternative at the higher frequencies
used in this experiment, is the induction coil, the

sensitivity of which is only limited by weight and volume.
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its vertical bipole held upright with deep-sea floats. and with
an induction coil magnetometer (OBC) as receiver.
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Because of the low resistance coupling between
electrodes and seawater, a low-power (battery-operated)
electric current generator could feed several Amperes into a
wire tens to hundreds of meters long. The magnetic
induction produced by such a vertical bipole on the seafloor
{(similar to the MOSES bipole) can be estimated from eg.(2).
For resistivity 20 @m, current 5 A, and bipole-length 100 m,
the magnetic induction is 1 nT at 10 m distance from the
bipole and 10 pT at 400 m. Resistivity information is
obtained down to depths of about half the distance between
bipole and receiver. It follows that the sulphide targets

require picotesla sensitivity for magnetic induction

measurements.

I attempt to prove in this thesis that a "MINI-MOSES"
technique (figqure 1-4b) is a feasible soclution to the
exploration problem outlined above. Transmitter-receiver
separations would be on the order of the target size and
therefore small compared to the MOSES technique. MINI-MOSES
would feature a remote battery-powered ocean bottom
transmitter (OBT) with its vertical electric bipole held
upright by:deep—sea floats. The magnetic field would be
measured by an induction coil magnetometer (OBC). Both
instruments need to be microprocessor-controlled so that
they can operate remotely with enough flexibility for short-

term survey planning. The transmitter and receiver would be



_...2’2.,..

programmed onboard the ship and then deployed to the
seafloor where a deep submersible adjusts their positions to
prearranged distances at prearranged times. The instruments
would be subsequently retrieved and the data recovered. The
measurements of the magnetic field so obtained as a function
of transmitter-receiver separation and transmitter frequency
could then be inverted in terms of the distribution of the

electrical resistivity below the seafloor.

1.4 OUTLINE OF THIS THESIS

Chapter 2 of this thesis explains the principle of the
method and provides the equations used in the data
inversion. In section 2.1, the magnetic induction is
derived that would be measured at some distance from an
oscillating vertical electric bipole on the seafloor. The
effect on the measurements of lifting the lower electrode
off the seafloor will be estimated as well as how the
sensitivity of the MINI-MOSES method to subsurface
resistivity varies with depth below the seafloor. A non-
vertical source bipole could distort the measurements -~ but
the effects can bhe estimated as shown in section 2.2. An
outlook into future theoretical developments in section 2.3

concludes this chapter.
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The development of the instrumentation (chapter 3)
comprised a major part of the research project. The ocean
bottom transmitter (section 3.1) is unigque in its design and
application and much can be learned for future instruments
0f this kind. The square-cored induction coil magnetometer
(section 3.2) offers advantages that reach beyond the

application in the MINI-MOSES experiment.

Chapter 4 contains the test survey and its results.
Logistic problems - quite different from those encountered
in land geophysical surveys - had to be solved (section
4.2). The data processing (section 4.3) serﬁed to generate
apparent resistivity and phasemspectra for each transmitter-
receiver separation. The inversion of the processed data in
terms of seafloor electrical resitivity distribution and the
subsequent interpretation reveal the linitations of a very
small data set (section 4.4) but, on the other hand, also

show the power of this method.

The summary in chapter 5 is followed by a list of the
various lessons that we have learned from this effort that

can be applied in future ventures.



2. THEORY -

The magnetic field that would be measured with the MINI-
MOSES technique over certain earth models can be predicted
and compared to actual measurements. Section 2.1 deals with
this practical aspect of theoretical solutions as well as
with the better understanding of the method that they can
provide. The effects on the measuremeht of lifting the
lower electrode off the seafloor are estimated. The section
concludes with a description of an existing automating
inversion technique. In section 2.2 the effects of an
inclined source-wire are presented and section 2.3 coritains

an outlook into future theoretical developments.

Edwards et al. (1981) derived the full electromagnetic
solution for the MOSES configuration over a conducting
seafloor halfspace and showed the effects of intermediate
conductive and resistive layers. Their results were
extended by Nobes (1984) to the horizontally isotropic case
that can be described by a horizontal resistivity and a
vertical resistivity. The measured resistivity of a lower
halfspace of assumed uniform resistivity - calculated from
measurements over an unknown lower medium - is known as
"apparent resistivity" Py An approximate expression for
the P, was derived under the conditions that the

transmitter-receiver separation is large compared with the
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ocean depth (= bipole length) but small enough for the

inductive losses in the lower halfspace to be negligible.

The water layer is very thick compared to the typical
length scales of MINI-MOSES and can be treated as an upper
conductive halfspace. This simplifies the theoretical
treatment, in particular permitting an exact expression for

the apparent resistivity.

2.1 THE ALTERNATING VERTICAL ELECTRIC BIPOLE OVER A
LAYERED SEAFLOOR

For the following derivations, a cylindrical coordinate
system (r,¢,z) as in figure 2-1, and a harmonic time

variation are assumed:

B(r,t) := Re (]_B_(r,q),z) glwt }

As a consequence of the radial symmetry of the problem only
the tangential magnetic (TM) mode is excited by a vertical
electric dipole (Chawve, 1982). 2As a conseguence, its
magnetic induction can be represented by the wvertical

component M of the magnetic Hertz vector:

~

Blr,9,z) = ¥ x (OH%) = - Qé%ﬂl o] := Bl(r,z) i
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the simulation of the time
varying magnetic induction B.



where, in an unbounded medium,

e~mR
oll = pOIdz iTh
z L2172, . \
R = Lr™+(z-2")"1 is the distance between dipole and

field point, (0,0,z’) is the location of the dipole, Idz’
i1s the electric dipole moment, and a’ = iwuoo is the
propagation constant. Substituting oll into the expression

for B results in

a{cl) pOIdz' re-MR
- - (a.R+1}
ar 4T R

Blr,z) = -

On using Sommerfeld’s integral and the relations between the

Bessel functions JO and Jl,

(e ]
9] Idzi r
= 0 " | A _9z-z7|
Blr,z) = an J 5 e Jl(xr) Adx
4]
where 0% = a® + A%, After defining a Hankel-transform pair

identical to the one in Edwards et al. (1981} the dipole

field in wave number domain is

pOIdz’ A -0Qlz-z'
Bi{x,z) = 4 B e

This is a particular solution to the (Hankel-transformed)
magnetic field Helmholtz equation that governs the behaviocur
of B in a conducting medium. Edwards et al. (1981) showed

how the Hankel-transformed Helmholtz equation leads to

= o°n ‘ (1)



with the general solution composed of upward and downward

diffusing éxponentials.

I will now first derive the solution for the case of a
single boundary - the seafloor - and discuss it. Afterwards
I will present a maore complicated model (layer aver

halfspace).

The radiation conditions for large positive and negative
z, and the continuity of B and Er=(p/u0)dE/dz at z=0 allow
the calculation of the coefficients for the general solution
in each halfspace resulting in the oceanic (z{0) dipole

field:
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) (2)
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and the dipole field in the crustal halfspace {(z>0}:
uOIdz’ -Q {z-z'})x

. 9o _ 0
Bx,z) = —2— [1 KOl]e 5
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where Kij = (ijjmpiOi) / (pj®j+pi@i) is the impedance
reflection coefficient and subscript 0 denctes ocean, 1
denotes crust. The field at the seafloor (z=0) integrated

along a finite vertical source wire from a sink at z=-a to a

source at z=-b is then

T

Qa

DIJ Q 0 A

B(r) = ;2 [1—K01} [e - e } =25 T, (xe)ada (4)
0 0
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where a and b are the grounding points as shown in figure
2-1. For the dc-case (zero frequency) w=0, ®2=A2, and
K01=(pl~po}/(p1+po) is the resistivity reflection
coefficient. Then the inverse Hankel transform results in
the closed expression:

My T a b '

Blr) = == {(1-K_ ) - - . (5]

47y 01 r%ia? |r£+b2
This is the magnetic induction that would be measured with
the MINI-MOSES technique as a function of transmitter-~

receiver separation r over a seafloor halfspace.

I will now take a closer look at this expression. After

replacing B=u0H and a/(r2+a2)l/2=cos(a) equation (5)
hecomes
I KO I
H = —— {(C0os & - CcOos B) - (cos oo - cos B)
? ATr dmr

The first term is the integral of Biot-Savart‘s law along
the wire. The second term represents the field due to the
current flow in the medium. It is proporticnal to K01 and
therefore vanishes in the absence of any boundary: the
current density of a point source or sink in an unbounded
medium produces no magnetic field because otherwise
V.J=Y.{(¥xH)=0. Taken together, the two terms can be
rewritten so that equation (5) takes the form of Ampere’s

circuital law. Then, the right-hand side represents the net



curfent that crosses the circular area A=mr° on the
seafloor, centered arcund the origin (i.e. around the

source-bipole):

ﬂm %E
ZﬂrH¢ = In (l—KOl)(wI) * I (1-K J;

where ﬂm=2w(l~cosm) is the solid angle subtended by the
current sink and the circular area A. ﬂm/4w i3 then the
factor by which the current density is reduced due to the
geometrical thinning away from the sink point. The measured
magnetic field is zero for an insulating seafloor and a
maximum for a perfectly conducting seafloor because 1t

depends on the transmission coefficient (leOl}, This makes

the method very sensitive to the seafloor resistivity as has
been pointed out by Edwards et al. (1981). It is also the
principal feature that distinguishes vertical and horizontal
source methods. The following analogy to electronic
circuits should clarify this. 1 have calculated (and
plotted in the introduction, figure 1-3) normalized
measurements for each method: The (normalized) magnetic

field of the MINI-MOSES technigue

"sees" two resistors in series and is therefore sensitive to
changes in the higher resistance. The (normalized) electric
field of the Wenner array

U 1

oc
Umax l/pl + l/p0
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"sees" two resistors in parallel and is therefore sensitive

to changes in the lower resistance.

An apparent resistivity formula follows directly from
equation (5):
P poI a b

a
— = - - 1 . {6)
P, 2mrB Jr2+a2 Ir2+b2

This normalized apparent resistivity is useful for producing

type-curves for field-interpretation; I will however use the
un-normalized apparent resistivity because it is easier to
understand and the seawater-resistivity of 0.31 @m was the
same for all data in this thesis.

So far, the earth was assumed to be a lower halfspace of
homogeneous electric resistivity. This was sufficient to
outline the principle of the method. For the inversion of
field data I will now extend the model to include a layer of
thickness d and resistivity P, over a halfspace of
resistivity P, The magnetic induction B can be found in
the same way as the simpler model treated above. The

solution at the seafloor (z=0) is:

[=.a]
-20 d
_ uoI (1-K01)(1_Klze ! 1 -@ b -0.a
Bi{r) = i 26 d = (e -e "o
1 +K K e 1
01 12 0

0 : (7)

Jl(Ar)Adk
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For the dc-case an expansion of the denominator, term-by-
term integration and rearranging for stable computing

results in

Blr) = 29° 1K 7 (K K Zn{f(Zn)
47y ( OI)E ( ol 12)
n=0
K [(1+K )£ (2n+1) K K f(2n+2}]} (8)
12 oLl cl 12
where F(m) = at+zZmd N b+2md

Ir?+(a+2md)? A ri+(b+2md) >

The height b of the lower electrode must be included
in the calculations as is seen on figqure 2-Za: The magnetic
induction calculated for a 20 fm halfspace decreases by an
order of magnitude when the height of the lower electrode
equals the transmitter-receiver separation. The electrode
height does not affect the apparent resistivity expression
{6) except when induction becomes important as can be seen
in figure 2-2b. The effect on the phase difference between
transmitted current and received magnetic field (figure 2-
2c) 1s small. Although the height of the lower electrode
can be accounted for, inaccurate estimates of it will result
in errors in the data interpretation. The effects will be
more serious over a more resistive seafloor because
channeling and induction in the seawater become relatively
more Important: the seawater "short-circuits" the

transmitter when the lower electrode is lifted up from a
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relatively resistive seafloor. The level of the useful

signal decreases rapidly.

The measured magnetic induction B(r,() on the seafloor
changes when any small change 8p occurs in the seafloor
resistivity p(z) over an interval 8z at some depth z. The

total change in B is:

SB{r,z=0} = F{r,z) 8(lnp} dz . {9)

o — 8

Edwards et al. (19B64) derived the Frechet Kernel Fi{r,z)

for the MOSES-configuration over a crustal halfspace when
the transmitter-receiver separations are large compared with
the ocean depth but small enough to prevent inductive losses
in the seafloor halfspace. These conditions were required
for a closed-expression dc-magnetic induction B and are not
necessary for the MINI-MOSES configuration. The Frechet
Kernel for MINI-MOSES over a halfspace in the radial

wavenumber domain is:

>

(dB/dz)? + aZB?

F{x,z) dB/dz T
Z=0

(103

where all functions are closed expressions and 2=0" means
“just below the seafloor”. A useful sensitivity function
S{r,z)=F(r,z)/B(r,0) 1is obtained through normalization with
the total B(r,0}) produced by the finite source wire.

Observing that §{(1lnp)=8p/pn, equation (9) becomes:

= f S(r,z) §% dz (11)



. where the sensitivity function

2]—3/2
~1/2

_ 2¢ [r%+(p+2z)2]7372
2)~1/2)

. 2r [r2+(a+22)

S{r,z) > 2
((a (r%+a?)

(12)

- b (r%+b / r

3{r,z} equals the fractiocnal change §B{r,0)/B(r.0} if a unit
fractional change 8p(z)/p{z) over an interval 8z at some
depth z down the lower halfspace occurs. It is valid only
for the MINI-MOSES configuration over a seafloor halfspace
that is several times more resistive than the seawater.
Edwards et al. (1984) showed for their configuration that a
resistivity contrast of 1:10 results in a few percent error
in 8. Examples for sensitivity functions are plotted in
chapter 4 (figure 4-12a). They indicate that most of the
resistivity information comes from depths 2z around one

half the transmitter-receiver separation r.

If the model differs from the resistive halfspace or if
the sensitivity of phase-data is desired then a numerical
approach appears easier: A thin layer of perturbed
resistivity is inserted consecutively at each depth in the
model and the numerical partial derivatives in the simulated
data are calculated and assembled in a partial derivative
matrix. Each row contains one (un-normalized) sensitivity
function Si(z) for the i'th datum. The data could be the
magnetic field amplitude or the phase at some transmitter-

receiver separation and at some transmitter frequency.



Edwards {private communication) programmed an iterative
inversion algorithm based on Jupp and Vozoff’'s (1975)
analysis“of the problem of: how to find the parameters of an
a priori geophysical model (e.g. a horizontally stratified
earth) from incomplete and inaccurate data. The algorithm
uses the singular value decomposition of a (numerical)
partial derivative matrix {(Jacobian) to define an
eigenparameter space and an eigendata space at each
iteration. Because of the assumed linear relation between
parameters and data, any eigenparameter has the same
direction as its perturbation. The parameter correction
vector for each iteration is then determined from the
eigenparameters weighted by their importance. The
sensitivity functions contained in the Jacobian are
essential for the stability of this algorithm because the
singular values from the decomposition of the Jacobian serve
as a measure of the "importance” of certain parameter
combinations {eigenparameters). I have adapted this

algorithm for the inversion of MINI-MOSES data.



2.2 THE EFFECT OF AN INCLINED SOQURCE-BIPOLE

A potentiallly serious source of error in the MINI-MOSES
experiment is an inclination of the ‘vertical’ wire, from

water currents. The error is estimated in this section.

The source wire is anchored to the transmitter package
on the seafloor. Its top end can move freely in a
horizontal water current. Three spherical floats are
attached on a string to keep the wire upright. Each float
has the radius 0.13 m and the buoyancy force Fb = 44N. For
typical water currents of v = 0.01-0.5 m/s (ALVIN-crew,
private communication) Reynold‘'s number Re=fvp/m is above
10° for the wire and above 10* for a float. L is a typical
dimension, p = 1000 kg/m3 is the density and n = 0.0018 Pax*s
is the dynamic viscosity (Mende and Simon, 1974) of water at
0°C. The flow is therefore not laminar. It exerts the

force (Gerthsen et al., 1974)

_1 Lo 2
Fd =3 cApvwv

on a body with the cross-sectional area A measured
perpendicular to the flow. The drag coefficient ¢ 1is
c=0.47 for a sphere with Re<1057 and c=1 for a long circular

cylinder with its axis perpendicular to the flow (Mende and

Simon (1974).



The shape o0f the wire can be found after dividing the
wire up into small elements df which are a distance R
away from the top. The angle o between the topmost wire
élement and the vertical is illustrated in figure 2-3a. It
is determined by the resultant of the bucyancy force Fb
and the drag force Fd at the floats. A small force dE(R)
at each wire element results from its weight Fg=dm*g and
the water drag Fd(R) as illustrated in figure 2-3b. The
equilibrium of this dF with the upward tension F(&} and
the downward tension -~F(&%+df%} represents a recursion
relation for F. Knowing F(&}, the angle () =
tanml{Fy(E)/Fz(E)) of this wire element can be calculated
and from it the position of the next wire element. The
resulting shape of a 100 m long wire is shown in figure
2-4 for different water velocities. The horizontal
displacement of the top end of the wire is approximately
Ay:280*v2 so that a water current of 0.06 m/s displaces

the floats by 1 m in 100 m.

The magnetic field of the vertical wire in the sea [eq.
2(1}1 may be separated into the contribution from the
ungrounded wire and the contributions from the current
source and sink in the presence of the electrical
resistivity boundary at z = 0. The contribution from a

dislocated current source is:

BY (r) = =2 -1 (1)




¥
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v

“E(L+dL) = F(L)+dE (L) 8

Figure 2-3: (a) left: the forces on the float at the upper end
of the wire: (b) right: the forces on each wire element. Fb =

buovancy, Fd = drag, Fg = gravitation.
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Figure 2-4: The resulting shape of the wire for typical water

velocities with a horizontally exaggerated scale (left) and a l:1

scale {(right).
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and from a dislocated current sink:

B uOKI a
B” () = 2 |1 - — & (2)
¢ 4Ty I(r—)2+b2
where r+=[(x—x+)2+(y«y+)2]1/2, r~ ditto, and ¢ ,¢ indicate

the corresponding azimuthal components in the dislocated
cvlindrical cocrdinate systems. The contribution from the
ungrounded wire (Biot-Savart’'s law} is: |

ﬁ D

HI —A Fal
W(E) . Lo d(s) x r(s) ds (3)

4 jgﬁs)tz

where the hat indicates a unit vector and the symbols are
defined in figure 2-5. A numerical evaluation of the line
integral in (3} alcocng an arbitrary source wire will be
inaccurate when the step size approaches the distance'
between wire element and field point. This can be avoided
if the wire is divided into a number of straight finite
elements d between £, and gz; Using the solution of (3) for
a straight wire element (d not a function of s) which is

obtained from (3), after some vector algebra:

I 5. laloln
~ n =y = r. -
B - T 2k 2,) oz = Al (4)
™ 1 2 |£15 1 ~[r , d]z
-1

Given the location of source and sink and the shape of the
wire in between, then (1}, (2), and (4} allow the

calculation of B in the presence of a seafloor halfspace.
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Fiqure 2-5: The geometry of the Iinclined source wire; a)
upper: location of sink and source, b)) lower: the straight wire
element as part of a polygon connecting sink and source.




The results for a 20 Qm halfspace underneath a 0.31 Qm
sea, and a source wire composed of one straight element
only, are shown in figure 2-6. The magnetic induction
vector B is vepresented by arrows in the plane of the
seafloor, their lengths were obtained after normalizing the
amplitude |B} with 0.03 nT and then scaling it
logarithmically. In the upper graph B is curling around a
vertical source wire. The lower picture shows the
difference left after subtracting the vertical-source E from
the B produced by a source wire inclined by 1 m in 100 m.
It is relatively large near the source but is decreasing
faster with distance than the vertical source field.
Edwards et al. (1981) upon studying the effect on the MOSES
method of a wire bent into a circular arc with a maximum
deviation of 1% of the length found that the field in the
plane 6f the are¢ falls off faster than the field of a

vertical MOSES source.
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Figqure 2-6: Perspective view of the magnetic induction wvectors
Bi{x,y,0) for a 20 Qm seafloor. Their amplitudes are
logarithmically scaled after division by 0.03 nT for better
viewing. (a) upper: field of a vertical source wire between
(0,0~3m} and (0,0-100m); (b) 1lower: The difference B.-

between {0,0,-2m) and (0 lm,-100m) and the field of a ve;glcal
source. This difference falls off faster with distance than the
field of the vertical source.
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2.3 INDUCED POLARIZATION AND TWO-DIMENSIONAL EFFECTS

The data presented in a later chapter in this thesis
were gathered near a seafloor metallic sulphide deposit.
They may therefore incliude transient decays due to charge
accumulation at the boundary between the metallic conductor
and the saline water. This process is commonly referred to
as induced polarization (IP). A compilation by Pelton et al.
{1978) of fregquency domain IP results from sulphide deposits
on land indicates ground impedance decreases of several
percent in the amplitude and rotations of up to 10 degrees

in the phase, near deposits.

The skin depth for electromagnetic induction in a high
grade sulphide ore (1 Om, Telford et al., 1976, p. 453) is
on the order of 150 m for a frequency of 10 Hz and thus
falls within the range of MINI-MOSES. Electromagnetic
Induction was therefore included in the simulation of the
measured magnetic induction B on the seafloor in section
2.1. For future applications of the MINI-MOSES method it
will be desirable to simulate induction in three-dimensional
or at least two-dimensional conductivity structures. This
was traditionally done by either solving a Helmholtz
equation for the electric or magnetic field on a finite
difference {(or finite element} grid or by an integral

equation approach. The only published solutions for the



two-dimensional problem use a finite element method (Stoyer
and Greenfield, 1976) and a hybrid method (Lee and Morrison,
1985), to find the magnetic field of oscillating magnetic

dipole sources by Fourier transforming the problem into the

strike-direction wavenumber-domain.

In. appendix B, I have outlined an integral equation
solution to the two dimensional induction problem,‘which for
the MINI-MOSES method has two advantages over a finite
difference or finite element approach:

(a) Once the Green functions for the conductivity structure
are set up as a coefficient matrix in a linear system of
equations then a moving source as in the MOSES or MINI-
MOSES method will only change the right hand side of the
equations. Little extra work 1s thus required for each
source location.

(b) After the digitization is done the electrical
conductivity can be separated from the Green functions.
Induced polarization éan then simply be included as a
frequency-dependent complex conductivity according to
the Cole-Cole model (see for example Pelton et al.,

1978) .
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3. INSTRUMENTATION

The experiment described later in this thesis was done with

a) an electric current transmitter {O0BT)

b) an induction coil magnetometef (0OBC)

c) Pacific Geoscience Center (PGC) deployment / recovery
packages

d} an ocean bottom navigational system

e} the deep submersible ALVIN for moving OBT and 0BC about
on the seafloor

£f) the USS ATLANTIS II for deployment and the UI5 WYCOMA

for recovery.

The OBT and OBC were designed, constructed, and equipped
with the Department of Physics, Electronics Workshop
microprocessor module, by myself with much quidance and help
from Dr. G.¥. West and Dr. R. Nigel Edwards, and with help
from the summer student Jeremy B.G. Hughes. The two

instruments will be described in thils chapter.

The deployment and recovery packages have been developed
and used routinely by Dr. Lawrie K. Law of the Pacific
Geoscience Centre, at Sidney, British Columbia. They
consist of 2.5 cm thick, 56 cm inside diameter aluminum
pressure spheres with an equatorial midring carrying

electrical feed-throughs, and a radio-beacon and strobe-
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light attached outside for recovery. An electromagnet
powered from inside the pressure sphere holds on to a metal
part of an anchor weight. When the power is switched off,
the anchor is released and the now buoyant package floats up
to the surface. The pressufe spheres are spun from the heat
treated, rolled aluminum alloy T-7075-T6 that has a room-
temperature (20°C) electrical conductivity of 1.92 x 107 S/m
(ASM, 1983, p. 294). The pressure spheres were tested to
4.5 km water depth at the Defense Research Establishment
Atlantic in Dartmouth, Nova Scotia prior to the ALVIN-

experiment.

The positions of 0BT and OBC were determined from the
positions of the deep submersible ALVIN at the time of
deployment. Continuous ranging between ALVIN and a sea
bottom acoustic transponder net is used to update ALVIN's
position as well as to improve the transponder positions by
least squares ahalysis of ALVIN's movements. Positions are
plotted onboard ALVIN. They are reproducable to within z

10m according to the experienced chief pilot Dudley Foster.

All power in the OBT-package and in the OBC-package is
supplied by Lithium batteries which are characterized by
high energy density (in volume and weight), by negligible
internal resistance and by a constant voltage under load

through 3/4 of their life time.



3.1 THE OCEAN BOTTOM TRANSMITTER (OBT)

Since the first test of the MOSES system in Queen
Charlotte Sound in 1982 I have been designing and testing a
remote battery-powered transmitter for a MINI-MOSES type
system. The proposed technique to investigate seafloor

metallic sulphides called for a transmitted current waveform
typical for induced polarization methods on land {figure 3-
lay. Transient decays would be measured during the off-
times. The Fourier transform (figures 3-1b,c) shows that
most of the power is contained in the base freguency. The
fourier transform was calculated according to appendix A.
In contrast to the usual definition of a discrete Fourier
transform I have chosen the digitization tj=(j+l/2}*at,
where At is the sampling interval. This is egquivalent to
sampling the time series at the centers of the digitizing
intervals. The usual tjzjkat would create an unwanted

time shift of half a digitizing interval.

Electric current transmitters used in land geophysical
surveys typically drive milliamperes to Amperes with
kilowatt power because of the relatively high ground
resistances. Carefully grounding the electrodes in dry
areas 1is a major concern. In the ocean the electrodes are
well coupled to the saltwater with a negligible resistance

of the current path in the water. In the first MOSES



w49 e

Synthetic OBT Signal
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Figure 3-1: The signal from the ocean bottom transmitter (OBT).
{a) upper: The periodic electric current in Amperes,- (b) lower
left: amplitude and {(c) lower right: phase of its exponential
Fourier transform shown for positive frequencies.




experimeht (Nobes, 1984) the transmitter drove a current of
9 A through a 2.5 £ wire. In the second MOSES survey
(Edwards et al, 1985) more current was driven through the
same wire because larger €lectrodes decreased the contact
resistance. Improvements in the MOSES-transmitter were in
part results of the development of the MINI-MOSES
transmitter (OBT). The latter has 50~100 watt capability.,
is battery*powered and is self-contained in a PGC pressure

sphere.

In the first version of the 0BT, two 12V/12Ah Gell-Cell
hatteries with internal resistances of milliohms were
alternately switched onto the load - one for the positive
current; the other for the negative current. The locad was a
15 m cable of 0.16 O resistance in series with two 12.5 cm
long, 2.5 cm thick copper cylinder electrodes. In order to
save power and to obtain a defined waveform the current was
not limited by a resistqr but it was regulated with a
switchmode regulator circuit instead. Dr. G.F. Hest showed
to me how to build each of the two current regulators: A&
power field-effect transistor (IRF 531) connects and
disconnects the battery from the rest of the circuit every
10-30 pus. This time constant is determined by an inductor
in series with the load that causes a curved current rise-
time by storing energy in its magnetic field. A high power,

0.38B § * 3% resistor in series with the load senses the
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current level. When the voltage drop across this sense
resistor exceeds a preset level then a driver circuit
switches off the field-effect transistor. The energy stored
in the inductor’s magnetic field is then fed through the
load and an ultra fast Schottky power diode (1N 5831) that
closes the circuit when the battery is disconnected. The
current through the load and sense-resistor decays until at
a preset level the field-effect transistor connects the

battery back into the circuit.

The operation of the first OBT was controlled by a
precision clock and a "hand-wired" logic circuit where the
0BT functions: base-frequency, transmit/sleep time and
release time were set in binary steps by mechanical
swit;hes. The instrument was tested in 1983 in Jervis
Inlet, British Columbia, during the first successful MOSES-
survey using the ocean bottom magnetometers (Nobes, 1984) aé
receivers. The periodic signal averaged over one hour is
shown in figures 3-2a and 3-2b for two consecutive runs.
The cause for the asymmetry in the waveforms was revealed
during a battery test (figure 3-2c) with the electrodes
immersed in a tank of 3 kg salt per 100 liter "seawater".
Several effects were detected: a) one béttery drained much
faster than the other one because it was damaged (figure 3-
2c), b) a strong chemical reaction occurred at the

electrodes, and c¢) the available voltage was too small for
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Fiqure 3-2: Results from early versions of the 0BT: (a,b}
upper: the two-battery-design of the first OBT together with a
high load resistance resulted in an asymmetric waveform. (<)
lower left: one of the two batteries discharged faster than the
other, (d) lower right: the second version used a relay to
reverse polarity which resulted in a symmetric waveform.




the current regulator. After experimenting with different

types of electrodes it became apparent that the voltage drop

across the load had been too high because

a) electric charges at the boundary between metal and
electrolyte opposed the applied voltage with up to 1.5
volt and

b} the electrodes had been too small so that the dc¢ contact
resistance was too large. Stainless steel pipes, 45 cm
long and 4.8 cm in diameter, offered a compromise
between low contact resistance and weight, and they

reduced the polarization effects considerably.

An expression for the contact resistance R of a
perfectly conducting cylinder of length % and diameter a in
an infinite medium of resistivity p ﬁas derived by Sunde
(1968, p. 75) after integrating the electric potential over
the surface of the cylinder and dividing it by the driving

current:

P g B A - T )

The contact resistance 1.7 f of the two small copper
electrodes in series has been reduced to 0.59 & for the two
large stainless steel electrodes in series and is now
smaller than the other resistances in the transmitter

circuit.



A second version of the 0BT was equipped with the
stainless steel electrodes at the ends of a 100 m, 1.05 Q
wire. Besides modifications in the regulator circuit the
- main improvement was a double-pole double-throw mechanical
relay for reversing the polarity of the transmitted current
during the off-times so that only one battery was required.
The instrument was tested in February, 19B4 in Bute Inlet,
British Columbia, during the first successful MOSES-survey
that gave convincing results (Edwards et al, 1985) again
using the ocean bottom magnetometers as receivers. As seen
on figure 3-2d the signal was symmetrical bult there appears
to be a problem with the current regulator that had to be

dealt with in the next and final OBT wversion.

Early in 1984 it became apparent that a MINI-MOSES
experiment requires more flexibility in operating the 0BT
which could only be provided by a microprocessor control.
The final version used in the August/September 1984
experiment with ALVIN was fherefore a modular package
(figure 3-3) with a computer module controlling the
operation of the transmitter module and recording the
transmitted current waveform and electrode voltage. A
release module provided the interface between a sonar
receiver with its commercial circuitry for release on coded
sonic command, and a time-release signal from the central
processor unit. This allowed us to call the instrument back

independently of a preset release time.
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The computer module is equipped with a clock-oscillator
(VECTRON CO0-226T; accuracy, temperature dependence, and
yvearly drift at the ppm-level) for stable phase relation
with the remote receiver. (The receiver has an identical
clock in its computer module.) The central processor unit
turns the transmitter on and off and switches the polarity
relay. Voltages from the current monitor and from the
electrode voltage monitor are low-pass filtered to prevent
aliasing in the analog-to-digital conversion. The digital
signals are stacked, divided by the number of sweeps in a
stack and the so obtained averages are stored in random

AcCCess memnory.

The transmitter module shown in figure 3-4 is interfaced
to the computer module with a voltage divider that keeps the
two monitor voltages within the common mode range of the two
differential inputs to the computer module. The calibration
is 2.59 A/V for the recorded current and 8.39 V/V for the
recorded electrode voltage below 10 Hz where the anti-
aliasing filters roll off. Figure 3-5 shows sample
recordings from the ALVIN-cruise. The monitored current and
voltage of the OBT are not reversing because they are tapped
before the polariﬁy relay. The flat top of 5.2 A in the
current waveform indicates that the current regulator was
performing well except for a spike later identifiled in the

laboratory at the switch-on edge. The driving voltage 8.5 V
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Voltage [V]

Time [s]
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F current 1

0 0.b 1.0 1.5 2.0
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Figqure 3-5: Un-callbrated monitor data from the ALVIN-cruise:
(a) upper: Stack #19, (b} 1lower: Stack #32. The dot-dashed
lines indicate the driving voltage required for non-polarized
electrodes. Calibrations are 2.59 A/V for the current monitor
and B.39 V/V for the electrode wvoltage monitor.




necessary if no polarization occurs is shown as a dot-dashed
line in figure 3-5. There appear to be not only late-time
charges opposing the driving voltage (curve above the dot-
dashed line) but also left-over charges from the previous
cycle and the off-time that help to reduce the driving
voltage. This could however be a misleading interpretation
because the voltage monitor appears to have a zero offset

that is different for different recordings.

The current monitor shows a current of 0.54 A during the
off-times opposite in polarity to the previous on-time
current. With a voltage drop of 0.38 V across the flyback
diode this'corresponds to 3.0 V at the electrodes if the
source is electrode polarization. The voltage monitor
indicates only -1.7 V in the upper and -0.9 V in the lower
graph of figure 3-5. This inconsistency might be caused by
leakage between the transmitter ground and the casing,
pressure sphere, water and near electrode although grounds,

casings and pressure sphere were carefully isolated from

each other.

This -0BT cannot be a final version and the following is
recommended for future work:
a) If the transmitter voltage and current would be properly
monitored at the output terminals then these monitor

records could be used to deconvolve the receiver
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records. No current regulation would be required which
would make the OBT simpier and more powerful.

More care should be taken in isolating the instrument
from the pressure case because this is the prerequisite
for a reliable monitor.

The bandwidth of the MINI-MOSES technique could be
expanded towards higher frequencies in order to measure
induced polarizafion responses. The mechanical relay in
the QBT limits the transmitter frequency with its 50 ms
switching time and would have to be replaced by a group
of power ﬁield effect transistors or other fast
switches. The electrodes may have to be calibrated for
polarization effects at higher frequencies. The analog
to digital converters and the scoftware would have to be

faster to keep up with kHz sampling rates.

THE OCEAN BOTTOM INDUCTION COIL MAGNETOMETER (OBC)

Paralleling the development of the latest OBET-version,

in early 1984 a new receiver package (OBC) was designed and

built for deployment on the August/September 1984 cruise.

As shown in figure 3-6 it is modular with release module,

computer module and software identical to the O0BT-package.
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The magnetic field receiver package has the same
. release module and computer module as the transmitter package.
The sensor module comprises two horizontal field induction coils

CPU~controlled variable gain stage.

g preamplifiers and a




Two horizontal components of the time derivative of the
magnetic induction are sensed by induction coils. The
electromotive force induced in the coil increase linearly
with frequency. An integrating current to voltage
preamplifier compensates for this increase. This reduces
the dynamic range required for the digitization to the
dynamic range desired for the magnetic field input. The
signals are further amplified in a variable gain stage that
serves to expand the 12 bit dynamic range of the analog to
digital converters to an equivalent of 18 bit. The signal
{and ground) lines are kept separate with separate batteries
for the two components in order to prevent "“cross-talk”
before they are fed into the two différential signal inputs

of the computer module.

3.2.1 TINDUCTANCE AND SENSITIVITY OF THE SENSOR COILS

The sensor design is shown in figure 3-7a. Each of the
two horizontal components of the time derivative of the
magnetic induction dB/dt is sensed by & parallel pair of
horizontal-axis coils that make up two sides of a square.
14,000 turns on each side have been pililewound by McNeill

Electronics, Toronto in non-perfect windings in order to
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Fiqure 3-7a: The sensor module with the square cored toroidal
sensors (two for each of the two horizontal components of the
magnetic induction) and the amplifier circuits.
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reduce the capacitance of the coil. Through the four
identical coils is threaded a core made of laminated cold
rolled 3% 8i transformer steel with an initial permeability

of (Heck,1974, chapter 13;4.3) several thousand times My

The pair of coils for one component is connected in such
a way that the voltages induced by an external {homogenous)
field in each of the coils add. This implies that the
mutual inductance MIZ due to magnetic flux pirculating in
the core opposes the self-induced voltages so that the
impedance of one pair of coils is

Z = iw(L1+L2m2Mlz) + R1+R2

The resistance R=R1+R2 is 990 £. The inductance L:Ll+Ez~

2M12 was measured as (93%1) Henry from the step-decay time

of the pair of coils in series with the (variable) smaller
resistor of a voltage divider. The resistors in the voltage
divider reduced the output current from a waveform generator
to about 10 pA in order to prevent core saturation. This
was even more important for the measurement of
leLzm(440i20)H because here 10 pA produced already 0.14
A/m or about 10 °T in the core. Using the values of L, L,
1/2

and L_ the coupling factor K in M__=K_ _(L L_) is
2 12 12 12 712

calculated to be 0.89%0.02. The mutual inductance ML may

2

be predicted when a coupling factor of 1 is assumed i.e.:

all the magnetic flux stays in the core:
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where n=14,000 is the number of turns on each side and where

the core is specified by its reluctance

_ %

R *EK

i.e.: 1its total length £ = 4 x 0.236m, its cross

sectional area A = 0.029% p?

and its permeability u. The
calculated Ml2 agrées with the measured 440 Henry when

assuming u v 5000 which appears large but reasonable.
o

Two effects due to the shape of the core shall now be
considered: leakage of magnetic flux out of the core and

gathering of magnetic flux into the core.

The magnetic flux created by a current in one of the
coils is schematized in figure 3-7b. Some of the flux may
leak out of the core thereby reducing the voltage induced in
any of the other coils. This would decrease the effective
mutual inductance. It was already estimated abowve that the
coupling factor between opposite coils is 0.89%#0.02 so that
little flux is lost from the core when going from one side
to the other. As a consequence, flux leakage decreases the

mutual inductances of opposing coils little.

The second effect is the gathering of magnetic flux into
a permeable core that is placed into an external magnetic

field. The effect is shown schematically in figure 3-7c.
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Figure 3-7b: The magnetic flux density B created by a current
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Figqure 3-7c: Channeling of the magnetic flux (density B) in the
square core. Only half the flux lines are drawn because the
problem is symmetrical.
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The concept of a permeable body channeling magnetic flux is
an analogy to the channeling of electric currents by a
conductor, which Edwards et al. (198l) approximated by a
current channeling number. If we define a flux channeling
number for the square rod (thickness a, length 2%} as the

ratio of two Inverse reluctances

then «&/(l+x) 1s a measure of the fraction of flux
channeled as compared with a perfectly permeable rod (o).
For @ >> 1 the fraction approaches 1 so that the rod becomes
indistinguishable from one with infinite permeability. For

the OBC-coil (a/%)*n0.015 and b, 5000 so that an7s.

The same conclusion is obtained after replacing the
concept of flux channeling by the concept of an induced
magnetization. The core aguires an induced magnetization in
an external field. The induced magnetization is reduced by
an opposing demagnetizing field that depends on the core’s
shape. The net effect is an increase in the magnetic
induction in the core as compared to the magnetic induction

in air. Therefore, the gensitivity of the square cored

senscr to an external time-varying magnetic field increases.
The increase in sensitivity was measured using a small

induction coil in an external field that was produced by a
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set of Helmholtz coils. The electromotive force induced in
the small coil increased by a factor of 50 after
assembling it on the sgquare core. It follows that
B:SOMOH:SOBO where B0 is the maghetic induction in the
coll without the core. The effective relative permeability
prm50 is relatively small compared to the true pFMSOOO.
This indicates that the demagnetizing field is relatively
large. It appears that the effective My depends mainly on
the core geometry and to a lesser extent on the true

permeability of the core material.

With this estimate of the effective permeability of

pEMSO it is now possible to predict the sensitivity of the
sensor from U=iwBnA as

i) . z vV u¥
T Bo v 2Tx50x28,.000 x (0.028x0.002) iy Y (7x1) AT*Hz

This is however not as accurate as the value of

Vv

WV _
(7.6 % 0.2) L

that was measured using a pair of Helmholtz coils with
radius 60 cm and a total of 150 turns with a 1% field
uniformity over 20 cm (for the field uniformity see Everett

and Osemeikhian, 1966)}.

Effects of possible variations in the permeabilitity of

the core material were checked by switching a large (5 times
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the earth’s field) static field on or off while the
instrument was measuring a small ({lA/m) oscillating field.
No distortion was apparent in the measured small field when
monitored on an oscilloscope. This implies that neither the
impedance of the coil in the amplifier circuit (hence its

inductance) nor its sensitivity were significantly affected.

The coil resonates at 1.5 kHz which using L. = 93 H shows
that the winding capacitance C = 1/ (w?l) n 120pF 1is very
small. The resonance is very sharp: Af = R/Z27L ~v 1.7 Hz

so that it does .not disturb the impedance of the sensor

within the application bandwidth 0.3-10H=z.

The square-cored induction coil is a promising concept,
and the following suggestions can be made for future

designs:

The sensitivity may be increased by a factor T without
changing weight or size of the sensor by using T times more
turns of wire with T times smaller cross sectional area.
This would, however, increase the resistance R and thereby
the thermal noise power spectral density szw (Becker, 1966,

§85.a):

U%dw = 2 kTR [v?/Hz]

2
[N
RN
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(Boltzmann’s constant k = 1.38062 x 10 °°

J/K, temperature
(2°C at the seafloor) T=275K) by the factor T°. The
sensitivity is optimized when the thermal noise reaches the

noise produced in the amplifier circuit because further

increase would not improve the signal to noise ratio.

The inductance of the coils may be varied by balancing
the two sides with a small tuning inductor br by adjusting
the number of turns. The frequency below which the coil is
resistive (R/27L n 1.7 Hz at present) should be moved to the
lower end of the bandwidth. This would make the coil
inductive over the bandwidth so that no integration would be
required. A flat phase response and a larger bandwidth
without saturation problems in the amplifiers can then more

easily be realized.

Dr. H.F. Morrison, University of California at Berkeley,
pointed out (private communication) that the U.S5. Geological
Survey has been using a square ferrite cored induction coil
since 1976 for audio-freguency magnetotellurics. Each pair
of sensor coils is coupled to a low-noise amplifier by an
80:1 iron cored transformer. The sensor unit is larger and
heavier than ours while the coil + transformer has a much
lower voltage sensitivity but similar self resonance

frequency. Labson et al‘s (in press) measurements indicate



that the rms noise stays below a few pT/(Hz}I/Z from 1 Hz to

10 kHz. No technical details were however available so that
the low frequency performance of the USGS sensor cannot be

compared with our instrument.

3.2.2 CALIBRATION OF THE 0BC

The sensor coil represents an electromotive force
U = 7.6(iw/27)B in uV (angular frequency w in s !, magnetic
induction B at the 0BC in nT) in series with a complex
impedance ZL=RL+imL {resistance RL=99OQ and inductance

L=93H) across the inputs of the low-noise amplifier OPA27

(figure 3-8). A negative feed-back loop serves to integrate
below the natural frequency 2m x 1.7Hz = w, = RL/L =
I/{(R__C_ of the coil and just amplify above it because

S1 S1

there the increasing reactance iwl compensates for the
increase in sensitivity with frequency. The first stage
amplifies the signal enough so that a standard operational
‘amplifier (356) suffices for the second stage. The high-
cuts Cpl,sz and the high-passes C12 R

R341 bandlimit the signal which was mainly useful for

127 cza Rza and C34

testing the instrument in a noisy laboratory. The capacitor
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C34 in the ground line appeared necessary to prevent
drifting. The transfer-function for each amplifier stage
was derived by combining Kirchhoff’s current conservation
law at the three nodes closest to the operational amplifier
with the condition that the voltage drop across the input
terminals is zero without current flow. The product of
these transfer functions with the sensor calibration

210/iwB = 7.6 CuV/ (nT4Hz)1 (see above) compares well with
the measured frequency calibration as is seen in figure 3-9.
The amplitude and phase can be made flatter over the band
0.3 Hz to 10 Hz by carefully tuning R51C51=L/RL as
indicated by the "“new" component values in figure 3-8. This
was done successfully for a survey near Toba Inlet, British
Columbia in October 1984, but the "old" values are
applicable to the ALVIN survey in August 1984 which provided

the data for this thesis.

It should be noted that the phase decreases with
frequency. This is a direct consequence of the sign-
convention exp(iwt) for the inverse Fourier transforms used
later in the data processing. This sign-convention dictated
an expl{iwt) factor in the derivation of the transfer
functions. It means that "phase” is defined as the phase of
the input (transmitter) minus the phase of the output

(receiver).



The variable gain (figure 3-8) has its gain factors
carefully adjusted to 2,8,32,128 whereas the software
compensates only for 1,4,16,684 so that a factor of 2 has to
be included in the transfer function. Another constant
factor arises from the voltage divider in front of the anti-
aliasing filters (next paragraph) that scales the voltage in

order to obtain unity gain for the subsequent filters.

The signals are low-pass filtered before the
digitization in order to prevent aliasing from frequencies
above half the sampling rate {(Nyguist fregquency = 20 Hz;.
The anti-aliasing filters {figure 3-10), built by the
electronics workshop as part of the computer module, are two
equal-component-value, Sallen-Key, second-order low pass
filters (Lancaster, 1975) in series and tuned identically
through R4=R5, C4=CS with a combined w © or 24 dB per actave
roll-off from 10 Hz. The transfer function derived the same

way as already explained is In excellent agreement with the

measured values as shown in figure 3-11.

Induced electric currents in the pressure sphere modify
the magnetic field signal although the wall of the sphere is
inductively thin: skin depths of 50cm for 0.1 Hz and 3.6 cm
for 20 Hz compared to 2.54 cm wall thickness would limit
induction to produce mainly currents parallel to the

surface. The effect of these currents on the magnetic field
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Fiqure 3-10: The two second order anti-aliasing filters for one
channel (the other channel is identical). The voltage-divider at

the input scales the input voltage so that the filter has unity
gain at low frequencies.
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Figure 3-11: Transfer function of the anti-aliasing filters.

The normalizing voltage divider (figure 3-10) has not been
included here - otherwise the low-frequency amplitude would be
=0dB; it 1s however included in the final OBC-calibration (see
below). The accurate measurements were made possible through the

use of a Data Precision DATA 6000 spectrum analyser as a digital
ozcilloscope.



inside the sphere might be predicted from Wait'sh(l969)
results., The homogeneous initial field
lwt

= 7z B_e = (y cos © - @ sin ©) Eoe

can be represented in free space by a stream function ?O =
iwm B r®cos . Wait’'s (1969) solution for ¥° (outside) and
y¥* (inside the spherical shell) given as a spherical

harmonics expansion can be reduced to

¥ o= A
1

o

cos © + ¥ and ¥l = p E? cos O

{(where b is the radius of the outer surface) because the
coefficients of higher order multipoles are zero in this
problem. Al and Bl are determined from the thin sheet

boundary conditions

e _ i e _ =i e _ i -
E¢ = E¢ E. = E/ (B] B) / (ud) = 0E¢

{where d is the wall thickness) similar to Wait (19¢9). It

i

finally results that Y- o= ¥Ol(l+m) or
B" = B_/(l+w)
where the response number o = iwpo(db/3). The magnetic

induction inside the spherical shell has its direction
preserved - only a decrease in amplitude and a phase shift
occur. The calculated transfer function 1/(1l+a} differs
however considerably from values measured with a sgquare 1l.Zm
colil as magnetic field source and the 0BC-sensor inside the

pressure sphere as can be seen in figure 3-12, dashed line.
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This may in part be an effect of the slightly inhomogeneous
field used as a source or that the thin sheet approximation
loses its validity at the high frequency end or that the
permeability of the material differs from the assumed
permeability of free space Mo e The main causes appear to be

the following.

a) The process of spinning the aluminum alloy into a
hemisphere may have reduced its conductivity to about 1/2
(inferred from comparing cold rolled and un-treated aluminum

in the ASM (1983) tables).

by The applied and measured field was parallel to the
plane of the equatorial midring that insulates the upper
from the lower hemisphere. This midring has an anodized
surface which is electrically insulating. The longitudal
currents induced by the horizontal field can only cross
through six steel bolts holding the hemispheres together.
These provide a relatively resistive path due to their small
cross section. Closed current loops will consequently be
induced in each hemisphere so that the problem regquires a
full expansion into multipoles and a solution under the
additional boundary conditions at the equator. A simple
empirical expression serves however the purpose of a
transfer function for the data processing:

i

B* =B, / (1+o) 2



An assumed conductivity of half the literature value and
a=0.5 give a good approximation to the measured transfer

function as can be seen from figure 3-12, solid line.

The temperature decrease from room temperature (20°9C) to
seafloor temperatures (2°C) will increase the conductivity
of aluminum by about 7% (KUpfmlller, 1973, p. 11/12). The
resultant shift of the transfer function by about 7% along

the frequency axis is negligible.

If, in a future version of the OBC, the bandwidth was to
be expanded to higher frequencies, then the instrument would
have to be repackaged into a glass sphere or with the sensor
outside the conductive Aluminum sphere in order to prevent

high-frequency attenuation.

The product of all transfer functions from the previous
paragraphs predicts the recorded voltage U for a sensed
magnetic induction B at each frequency. This O0BC
calibration shown in figure 3-13 is accurate to * 5% in
amplitude and 5° in phase. The steep phase response above
10 Hz might however cause larger errors there when

electronic components change their values at the lowered

temperature on the seafloor.
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Figure 3-13: Calibration of the ocean bottom induction coil
nagnetometer (0BC) in recorded voltage U LV1 per sensed magnetic
induction B LnT3].
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Figure 3-14: Synthetic OBC signal in recorded Volts for a 1 nT

magnetic induction with the transmitter (0BT} waveform at the
receiver (0BC) location.
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Theqresponse to the 1 nT transmitter (0BT) signal shown
in figure 3-14 can be used for a first shipboard estimate of
the measured magnetic induction: BCnTl A~ V/0.04 where V

is the height of the first peak in Volts.

3.3 SIGNAL TO NOISE RATIO

Among noise sources within the 0OBC package are the
thermal action iﬁ the coil resistance and amplifier noise in
the first stage. Magnetic fields generated by currents on
the microprocessor board appeared negligible. The noise at
the output of the first stage may be calculated by replacing

in the circuit the coil>emf with

oz ~2 Yi1/z2
[Unc + Una]

and adding a current source Ena across the input terminalé
of the 0PAZ7 amplifier. Géadw and Eiadw are the specified
amplifier noise power spectral densities and G;cdw is the
thermal noise power spectral density in the coil (see

3.2.1):

~

~ )
Uout -

2

+ | |z It
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where ZF is the impedance of the negative feed-back loop.
The second term {current noise) will dominate over the first
term (voltage noise) at high fregquencies. The total noise
can only be predicted approximately because the amplifier
specifications had to be extrapolated to low frequencies;
the results are shown in table 3-1. The equivalent signals
are the the output voltage from the O0PA27 amplifier due to
predicted noise inputs divided by the wvoltage due to the
sensor input. The latter is in turn related to the magnetic
induction via the calibration. The "equivalent signals” are
therefore the ratios of rms-noise t§ a unit {1 pT) signal.
Integrating the sgquares of the last column and taking the
square root gives an approximate noise level of 3 pT for the
0.5-10 Hz frequency band. Note that most of the ncise power

appears to be concentrated at the low frequency end.

The 1 mV resolution of the analog to digital converter
determines the smallest signal measurable without averaging
while its 12 bit range determines the largest measurable
signal. Four dynamic ranges result from the four different
settings of the variable gain stage. Using the 0BC
calibration at its plateau (0.3 Hz to 10 Hz) they are
expressed as measurable magnetic induction and listed in
ftable 3-2. The total dynamic range of the OBC (0.3 pT - *82
nT} is +2°%x64 v £2.6x10° ~ +108 dB. The smallest signal

that could be resolved in the 0BC-bandwidth (0.3 pT for the



Table 3-1: Predicted instrumental noise.

Frequency OPA27 specs BEquivalent Signals
Uggs Iggs U-noise I-noise total

Hz nv/JHz pA/JHz oT/Hz pT/{Hz pT/JHz

0.5 10 9 2.7 2.4 3.6

5 4.3 2.2 0.1 0.2 0.2

10 3.8 1.7 0.05 0.1 0.1

Thermal noise U™ = 1.6 nv/Hz'’? at 275 K (=2°C)

fable 3-2: Digitizing noise and dynamic range at the
plateau of the OBC-calibration. LSB and HSB mean least and
highest significant bit, respectively.

gain 1 . 4 16 64

LSB 20 5 1.3 0.3 pT
HSB +82 £20 £5 +1.3 nT
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highest gain setting) is thus smaller than the 3 pT noise
level estimated above. A higher resolution is therefore
obtainable through signal stacking and averaging. Stacking
the periodic signal improves the signal to white,
uncorrelated noise ratio by Nl/2 (y 20 for the ALVIN-data)
where N (=393) is the number of sweeps that have been

averaged to obtain one stack (appendix A}.

Several sources of instrumental noise not discussed yet

may be ldentified ffom the ALVIN-data:

The switch at the input to the computer module {(figure
3-10) was closed by the CPU only during the measurements.
At idling times the open switch caused the charging of
capacitors C34 at the output from the amplifiers (figure 3-
8, R341 = w jin the o0ld design, was changed to 2 M{ for the
October 1984 Inlet cruise). Figure 3-15 shows what happened
at the start of each 15 min measuring cycle during the
August 1984 ALVIN cruise. The time constant of the
exponential decay (3.9s) as obtained from a log-lin plot
corresponds to an RC = SuF *« 0.8MQ circuit which supports

the above explanation.

The short time for development resulted in another
source of noise shown in figure 3-16. Every other channel 1

sample (dashed 1line) is zero indicating that one of the
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Figure 3-15: Un-calibrated single sweep (stack #18) recorded by
the O0BC with the OBT turned off during the ALVIN cruise. It
clearly shows the exponential discharge of the capacitors C
across the input resistance of the computer module. The dadfied
line shows channel 1 that had intermittant black-outs in the
analog-to-digital converters and did not produce useful data.

Voltage IV]

Time [s]

Figqure 3-16: Single 0BC-sweep (stack #1) with internal
calibration triangle showing electronic problems in the channel 1
(dashed) analog to digital converters.
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interiacing 20 Hz analog to digital converters became
damaged during the survey. Only a ccomplete vredesign for the
October survey avolded this inherent problem. The effect
was intermittent so that part of the channel 1 data looked

reasonable but none of it was used for interpretation.

The noise stacks shown in figure 3-17a were recorded
during the ALVIN~-cruise with the transmitter turned off
{site 1 is the near transmitter site, site 2 the far one).
Ater magnifying the useful channel 2 data in figure 3-17b a
short 5 Hz oscillation over 0.25 mV appears near the
beginning of bf all three time serieso Magnifying this by
the number of stacks gives about 0.1V which is just the size
of the oscillation that occurs once at the beginhing of a
measurement cycle as can be seen in figure 3-15. It might
thus be connected to the discharging capacitor discussed
above. TFigure 3-17c shows the noise stacks after they were
shifted alcong the time axis in order to compensate for the
frequency offset between OBC-clock and 0BT-clock. There
appears to be a 0.5 Hz signal just opposite to the polarity
of the OBT which might imply some action at the OBT that was
supposed to be turned off. This would however contradict
the observation that the "signal" is smaller at the near
site 1 than at the far site 2. 0On the other hand the tidal
water currents appeared stronger at the far site 2 (chapter

4). Although any further speculation might be futile I have
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Figure 3-17: Stacked (397 sweeps) OBC measurements with the
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the 0BT-clock, (d) lower right: calibrated in frequency domain
and inverse transformed using only odd harmonics below 17 Hz.




- 88 -

calculated and displayed in figure 3~17d the magnetic
induction at the OBC by calibrating the drift corrected

"signal”.

It should also be noted that the electronic problems
with channel 1 might have caused part of the noise observed
in the "clean" channel 2. Figure 3-18 shows how the channel
1l data gquality deteriorated from the start (3-18a) towards
the middle of the survey (3-1Bb) {(dashed lines). Along with
this a) the first peak in the channel 2 record appears to
become cut coff. b) the small oscillation at the start of
the stacking window disappears and ¢} the record becomes
more symmetrical about zero voltage. Such disturbances may
be the reason that the even harmonics of 0.5 Hz of the power
spectral density (figure 3-19) - although not contained in

the 0.5 Hz OBT-signal - stand out above the measured noise
{(solid lines, same data as discussed in figure 32-17). Here
and in the following only channel 2 data are used but it

should be remembered that even they are not "clean®.

The same selection of recorded data that was used for
the previcus figure 3-192 have been calibrated using the OBC
transfer function. Their power spectral densities are re-
plotted in figure 3-20 together with the instrumental noise
predicted above and with horizontal magnetic noise at 2 km

water depth (labeled "external") taken from Chave and Cox
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Figure 3-19: The power spectral density of the recorded voltage
{signal stacks #1l4, #23; noise stacks #17, #30, #42) calculated
according to appendix A.
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Figure 3-20: The power spectral density
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{gite 1}, #23 (site 2) and noise stacks
#17 (site 1) and #30, #42 (site 2). The
additional noise information has not
been corrected for the stacking process.
"External” noise after Chave and Cox,.
1982.



(1982). The stacking process has obviously reduced the
measured noise below the predicted noise. The ratio of
signal to measured rms noise between 0.5 Hz and 10 Hz ranges
from 20 to 100 for site 2 and from 60 to 300 for site 1
(square root of the distance between measured points and

curves in the figure).



4. SURVEY. AND RESULTS

The recent discovery of metalliferous, high-temperature
hydrothermal vents and accowmpanying sulphide accumulations
offshore from the Canada - United 3tates of America boundary
triggered an increased scientific activity on the Northern
Juan de Fuca Ridge {Schabas, 1983). A "workshop to discuss
future multidisciplinary research on seafloor hydrothermal
sulphide deposits in the Juan de Yuca - Explorer Ridge areas
of Canada" was held in May, 1983 at the Pacific Geoscience
Centre in Sidney, British Columbia. It attracted the
leading scientists of the field from the U.S5., France and
Canada. The contacts to U;Sc researchers established there
eventually resulted in an invitation to the MOSES-group
early 1in 1984 to participate in an ALVIN-dive program that
was to be conducted at the northern end of the Juan de Fuca

Ridge in August/September 13584.

The modifications and new developments in the MINI-MOSES
instrumentation fchapter 3) were accomplished within six
months including the pressure testing of the spheres as
required by ALVIN-safety regulationé. Dr. Lawrie K. Law,
Mike N. Bone and I participated in the survey. Their
enthusiasm and 24 hour efforts as well as the tremendous
support from captain P. Howland and the crew of the USS

ATLANTIS IT during deployment, from the pilots and



scientists onboard ALVIN, from captain X. Palfry and the
crew of the USS WYCOMA at recovery, made it possible to
overcome the considerable logistic problems of the

experiment.

4.1 GEOLOGICAL SETTING

The survey was conducted in 2.2 km deep water in the central
valley of the Endeavqur Segment of the Northern Juan de Fuca
Ridge. The inset in-the location map (figure 4-la) shows
the MERGE (Multidisciplinary Endeavour Ridge Geo Expedition)
study area and is redrawn to scale in figure 4-1b. The
geological features shown were mapped on four reconnaissance
dives indicating that the basalts on the valley floor are
roughly the same age (as indicated by sediment cover) as the
basalts on the flanking ridges. Fissuring occurs only in
the valley floor and evolves into normally faulted blocks
with increasing throw as the valley flanks are approached.
Hydrothermal activity was 1océted in three areas within a
region 150m x 500m and appeared to be situated on fault -
bounded ridges that paralleled the general ridge strike.
Eleven dives were devoted to detailed mapping and sampling

of a hydrothermal vent field (250m x 150m, indicated by the
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STUDY AREA.
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47 58 wmm
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Figure 4-~1b: Plan view of the study area (preliminary, from
cruise report, approximately the same area as shown on the inset
in fig. 4a). The dive site is indicated by the box marked "vent
area"” (approximately 250m x 150m).

Following Page:

Figure 4-2: Section of the preliminary geological map of the
vent area (about half the box in figure 4-1b) with the location
of the OBC marked R (for "receiver”) and the two consecutive OBT
sites marked T , T  (for “transmitter") with water depths. The
nearby,hydrothérma ly active sulphide area is delineated by a
dashed line. Depths are given in the legend. Placing the
instruments relative to the geological features might have
reduced the + 10m uncertainty in horizontal position somewhat.
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box "vent area" in figure 4—lb§ which displayed all possible
types of hydrothermal activity (see figure 4-2): fossil u
sulphide structures, warm water emanating from fractured
basalt at the periphery, low temperature vents (white
smokers) with unusual bioclogical communities, sulphide-
depositing chimneys situated on bare basalt, and high
temperature vents (black smokers). Chimneys and wvents
displayed a wide range of morpholcogies, from single‘small
edifices {(about one neter high). to complex, castle-like

structures (20m high) with multiple went openings.

The OBC ("R" In figure 4-2) and the two consecutive OBT
sites ("T " and "T ") are located on basalts along a vent
field (delineated by the dashed line) in an area that was

multiply covered with ALVIN dive tracks.

4.2 EXPERIMENTAL PROCEDURE

This experiment was a trial of a new technique in a
frontier environment, conducted as a cooperation between two
geographically separated research groups. Therefore, it
required careful preparation and planning. The Toronto-

built OBC and OBT microprocessor units were interfaced with



- 98 =

the commandable anchor release units at the Pacific
Geoscience Centre and with a desk-top computer later used to
download the survey instructions. An interview was arranged
with the submersible crew to plan the use of dive time and
to obtain final advice on deployment details. We boarded
the USS WECOMA in Seattle (figures 4-3a,b) which sailed on
August 30, 1984 to rendevouz on site with the support vessel

USS ATLANTIS II of the deep submersible ALVIN.

Being a trial of a new technique,., our experiment was
allocated parts of two of the eighteen dives, but only at
the lowest priority. In order to avoid wasting ALVIN's
precious bottomwtiﬁé in the search for our instruments, we
had to deploy the instruments from the ATLANTIS II1 because

the latter could be positioned relative to the same sea
bottom acoustic transponder net that was used for ALVIN's
navigation. Our equipment was therefore transferred at sea
from the WECOMA to the ATLANTIS II (figures 4-3c,d). The
0BC and OBT were assembled in their deployment packages
{figure 4-3e)} and the survey instructions downloaded from a
floppy disk file. The two packages were attached to each
other with a pull-pin mechaﬁism so that they could be
lowered together af the end of a long cable. They were
released from an acoustic command release hook when the

desired position and depth (100 m above bottom) was reached.



Figure 4-3: Logistics involved in the survey.

(a) upper left:
the 5m” equipment, (b) upper right: USS WECOMA docked in front

of the University of Washington at Seattle, (c) lower: equipment
transfer between U3S WECOMA and USS ATLANTIS II in 4m swell.
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Figure 4-3: continued, {d} upper: USS ATLANTIS II on site,
{(e) lower left: The OBC assembled in pressure sphere and anchor
with release (bottom of the sphere) and strobe-light and radio-
beacon (top) a few hours before deployment, (f) lower right:
deploying ALVIN the next morning.
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Although ALVIN has proven a versatile instrument for
many deep sea operationé, my experiment was noted as a new
type of usage and was monitored for similar tasks in the
future. The weight under water of the OBC/O0BT had been
adjusted to about 10 kg by the number of lead plates
attached to the anchor. ALVIN was thus able to lift the
instruments off the bottom without raising its own buyoancy
through much enérgy-consuming pumping. This made the rapid
moves of 30 to 45 minutes possible and also prolonged
bottom-time through energy conservation. Based on pre-
cruise estimates of this timing, I planned to have the
initial positions and one extra transmitter site occupied on
the first dive. It would then take about half of another
dive to move the transmitter three times so that a total of
five transmitter-receiver separations could be realized in

two half-dives.

The instruments had been instructed to start each day
with an internal calibration followed by 1% min noise
stacking (0BT not transmitting). During ALVIN's bottom time
six 15 min cycles of signal stacking were performed starting
at the full hour. All measurements were interlaced with
single noise sweeps. Repeating this pattern every day gave
the necessary flexibility for moving our instruments
whenever it was convenient within a three-day time window of

the dive-program.



- 102 -

ALVIN with Dr. Margaret ﬁeinen, Dr. Gary Taghon and
pilot Skip Glesson onboard (dive 1446, September 2) was
launched shortly after our deployment operation (figure 4-
3f) and located the 0BC/0BT package (figure 4-3g). The OBC
and the 0BT were separated by pulling the pin from the pull-
pin connection, and each instrument was moved individually
to a suitable initial position. The time spent on an
initial unsuccessful attempt to move the entire OEC/OBT
package preempted ﬁoving the transmitter to a second site on
the first dive. The following day (dive 1447, September 3)
Dr. Ross McDuff, Dr. Meg Tivey and chief pilot Dudley Foster
located the transmitter and moved it to its second site.

The priorities were then shifted to a different experiment

so that no more transmitter sites could be occupied.

We transferred bhack to USS WECOMA with our equipment on
September 2 and, on September 4, recovered the instruments
late at night and dumped the recorded data onto a floppy
disk a few hours before they were erased due to the fading
battery voltages. The recovery took several hours because
the packages were poorly balanced so that the strobe-1light
and radio-beacon could only be detected when lifted above

the waterline through the wave action.



Figure 4-3: continued, (g) the 0BT/0BC package on the seafloor
before it was separated inte two individual instruments.
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4.3 DATA PROCESSING

The data were transferred from the floppy disk onto the
Department of Physics VAX 11 and plotted for a first visual
inspection. Some features of the data have already been ‘
discussed in chapters 2 and 3. The example of raw data
records in figqure 4-4 shows transmitted {(right column,
negative current shown positive! and received (left column)
waveforms for site 1 (first row) and site 2 {second row).
The X (channel 1) and Y {(channel 2) sensors were oriented
relative to strobe-light and radio-beacon before deployment
and the bearing of strobe and beacon recorded by the
observers in the submersible. The labels X and ¥ in figure
4-4 correspond to the same labels in the location map
(figure 4-2}). The Y-sensor happened to be almost
perpendicular to the direction to both transmitter stations
and should therefore receive most of the signal amplitude.
It is clear that we were lucky to have this c¢hannel working
even though the X-channel was damaged. The X-data will not

be used in the further processing.

The visual inspection of all data records showed that
the amplitude did not remain constant at each site
{amplitude drift). A considerable time-shift (phase drift)
can also be recognized when comparing the Y-data of stack

#14 (figure 4-4) with the Y-data of stack #23 that was
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recorded about 20 hours later. In figure 4-5 the zero’'th
harmonic and the firsf two signal lines were extracted from
the Fourier transforms of each of the 14 signal records
{(the first two had to be discarded because 0BC and OBT had
not been separated yet) and plotted versus the time when the
records were taken. The amplitude drift was most likely
caused by tidal water currents that moved the transmitter
bipole back aﬁd forth. The scource wire would have to be
tilted by 1 m in 100 m in order to produce the *30%
variation in the signal amplitude (cf. section 2.2). Using
only stack #14 and #23 should avoid the problem because

there the wire would just be passing through the wvertical.

The phase drift in figure 4-5 can be explained with a
2.3 ppm {(parts per million} clock-freguency offset between
OBT and OBC: the QOBC-clock was faster than the OBT-clock.
This value is however not yet accurate enough if phase
differences were to be interpreted in terms of induction in
an ocean-seafloor medel. A more accurate estimate can be
obtained during the data processing and only the final

results will be corrected for drift {see below).

The 0BC data from figure 4-4 {Y-component only) have
been Fourier transformed (appendix A) to obtain the spectral
densities shown in figure 4-6a,b. The signal lines {(odd

harmonics of 0.% Hz) have clearly a larger amplitude than
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the even harmonics that were not contained in the
transmitted OBT signal. The amplitudes range over 5 decades
so that the mean had to be removed before the Fourier
transformation in order to prevent inaccuracies that could
arise because the calculations were done in 6 decimal digit

precision.

The slgnal lines of the site 1 (stack #14) data have
been selected in figure 4-6c,d and w;ll now serve as an
example to explain the further processing. The spectral
densities of the recorded signal from figure 4-6c,d are
calibrated through division by the O0BC transfer function.
The result in figure 4-6e,f clearly exhibits the l/frequency
shape that is indicative of the transmitted signal spectral
density at the low frequencies. In the next step the
spectral densities are divided by the spectral density of
the grtificial transmitter (0BT)-signal because the
monitored OBT~signal is too distorted as discussed in
chapter 3. The result of this deconvolution in figure 4-
te,f represents the earth response function as measured by
the MINI-MOSES system. 1Its unit nT/A indicates the meaning:
received magnetic induction per transmitted electric current

at a certain frequency.

Two different representations useful for the

interpretation can now be derived from the processed data:
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the inverse Fourier transform of the calibrated data
represents the magnetic induction at the OBC produced by the
OBT action (time domain representation) and, secondly,
apparent resiétivity and phase spectra follow from the
deconvolved data (frequency domain representdtion). In both
cases the quality of the representation is limited by the
bandpass nature of the OBC transfer function: small signal
spectral densities especially at high frequencies are
divided by small values of the OBC transfer function in the
calibration process so that noise becomes relatively more

important.

The time-domain representation obtained by inverse
Fourier transforming (appendix A) the calibrated spectral
densities is shown in figqure 4-7. The above mentioned
effect of high frequency noise amplification is clearly’
visible but not severe enough to justify filtering which
would also deteriorate the signal shape. The results in
figure 4-7b were obtained by setting all even harmonics to
zero so that the inverse transform uses only signal lines.
The apparent improvement seen in the results is however
misleading because the operation forced a symmetry upon the
result that the original data records did not have: the
cut-off first peak in the original data (section 3.3) shows
through in the reduced amplitude around t = 0.5s in figure

4-7a. Slightly better results may be obtained after



- 112 -

Calibrated
0.8
] Site 1
) S e Site 2
0.4 +
= | T
= 0 s Ty Voo }
= T S
o oo “_,wa' !i “
All
Harmonics
=
[
£
A
48]
Odd
Harmonics i
-0.8 1 : 1
0 0.5 1.0 1.5 2.0

Time [s]

Fiqure 4-7: Magnetic induction signal at the receiver (0BC) due
to the transmitter (0BT) action at two different sites. (a)
upper: obtained by inverse Fourier transforming the calibrated
spectral densities at the OBC, (b) lower: obtained using only
the signal spectral lines {odd harmonics of 0.5 Hz) for the
inverse Fourler transform.
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tediously correcting the first peak in the original data by
hand. A drift correction (see below) was found to introduce
high fregquency noise because being more accurate than a
"sample length (25 ms) it was applied to the phase spectrum
before the inverse Fourier transformation. It should not be

done for this representation.

The earth amplitude responses in figure 4-Ba were
obtained for all signal stacks from the ALVIN survey the
same way as the one for stack #14 shown previously (figure
4-6g). This consistency check shows visually that the
amplitude drift did not appreciably change the frequency
characteristics. The short 3 Hz oscillation in all but the
selected #14 site 1 data shows up as an increased spectral
density around 3 Hz (dashed lines in figure 4-Ba). Stack
#23 - selected from the site 2 data - lies in the center of
the variable amplitude levels attributed to tidal water

currents (see above).

The frequency domain representation required the
decision of which OBT signal to use for the deconvolution

and it now requires an improved estimate of the phase drift:

each item will be explained now.

Figure 4-8b shows how using the distorted monitor-data

from the OBT for the deconvolution could result in false
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Figure 4-8; Consistency check and comparison between results
obtained with synthetic or measured OBT signal. (a) upper: the
earth response obtained as in figure 4-6 g ("deconvolved“) but
repeated for all signal stacks from the survey and assembled.

(b} lower: the same as in (a) except with the measured OBT
signal used for the deconvolution and with the ordinate scaled in

apparent resistivity which is inversely proportional to the earth
response at each site.
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interpretations: the results shown are scaled in apparent
resistivity (equation 2.1(6)) which is inversely
proportional to the earth response at each 0BT-site. The
apparent resistivity appears to consistently decrease with
frequency which could lead to the false assumption of an
induced polarization effect. Obviously the OBT-monitor
needs to be redesigned before its records could be useful

for the deconvolutibn=

The initial rough estimate of the frequency difference
{2.3 ppm, figure 4-5b) between the clock-oscillators {(phase-
drift) was improved using the condition that the phase
spectra of redundant data sets (stacks recorded at the same
gsite) be consistent. Trial and error resulted in (2.34 =
0.01) ppm as shown in figure 4-9a. The phase changes with
frequency seem still much larger than expected from a
reasonable earth model. Using the condition that the earth
impulse response (the inverse Fourier transform of the earth
response function) be symmetric about zero time {(and about 1
s because of the antisymmetric signal) it was found by trial
and error that all data sets have a common offset of (0.040
+ 0.002)s. This offset could have been generated when the
0BC and OBT were synchronized onboard the ship: instead of
using a well defined logic edge we simply grounded the reset
lines by hand. The accuracy found for the offset seems the

maximum possible for these data sets because 2 ms is just
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Figure 4-9: (a) upper: consistency of the phase spectra used to

find an accurate drift correction; the steeper one of the site 2
groups of phase curves corresponds to signal stacks recorded
during the extreme of the tidal variation; (b) lower: symmetry

of the earth impulse response used to find an offset common to
all data sets,
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the time shift caused by the 2.34 ppm phase-drift rate over
the 15 min averaging time. Both drift and offset can be
used to correct the phase ¢ [degreesl at frequency fLHz]
measured at time tfLs] after the start (reset time} of the
survey by the amouﬁt:

Ad = (0.040s + 2.34x10 ®xt) x £ x 360°
with the uncertainty:

§(Ad) = (£0.002s) x f x 360°

The earth response function represents the received magnetic
induction per transmitted electric current. The apparent
resistivity contrast derived in chapter 2 can now be
generalized by redefining the factor I/B in equation 2.1(6)
as the frequency-dependent earth response function. Figure
4-10a shows the so calculated apparent resistivity for the
selected stack #14 and #23 data. B/I has been scaled down
to the projection of the Y—sensar onto the azimuthal
direction (perpendicular to the OBC-0OBT line). The error
bars fepresent the * 10m uncertainty in separation
propagated through the apparent resistivity formulai Errors
in I/B (about 10%) are comparably small. Beyond the OBC-
bandwidth amplified noise causes a larger scattering of the
apparent resistivity estimates -~ they have not been included

here nor will they be used in the interpretation.

The phase spectra in figure 4-10b are obtained from the

phase of the earth response functions (see for example
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figure 4-6h) after adding the above derived correction Ad.
The error bars represent the sum of the *5° uncertainty in
the OBC transfer function and the above derived uncertainty
S(A¢} in the phase correction. Phase estimates beyond the
OBC-bandwidth are unreliable because of the steep phase
transfer function in connection with the decreasing signal

to noise ratio.

4.4 RESULTS AND INTERPRETATION

The varigus steps of the data processing allowed three
stages of extracting increasingly sophisticated results.
All stages could however be implemented on a personal
computer for onboard processing without unreasonably long

computing times.

The first stage requires only the recorded voltages from
the 0BT for estimating the transmitted current from the OBT
calibration (2.59 A/V), and the recorded voltage from the
OBC for estimating the received magnetic induction from the
height of the first peak divided by 0.04 (section 3.2.2}.
Together with the O0BC-0BT separation recorded by the ALVIN-

crew they give onboard apparent resistivity estimates of
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" about Z0 O&m (0BT site 1, 30 m separation) and 10 OQm (0BT

site 2, 85 m separation?.

The second stage requires Fourier transformations and
the knowledge of the 0BC-transfer function in order to
reconstruct the magnetic induction at the 0BC. More
accurate estimates of the magnetic induction at the 0BC can
now be obtained by measuring the average height of the
square pulses in nT and scaling them with the direction
cosines. Using the positioning information the results can
then he plotted directly onto a prefabricated set of type
curves {(calculated according to chapter 2) as shown in
figure 4-11. A seafloor halfspace of 15 Qm (curve A) fits
the data (crosses), but just within the error bars. The
measured fields are also consistent with a resistive layer
dver a conductive halfspace (for example curve D: 30 m of 30
fim over 1 Om). Conductivities and depths in this model
cannot be determined separately because of the inherent non-
unigqueness of‘the inverse probklem. A conductive layér over
a resistive halfspace would however have to be thin and not
much more conductive than the halfspace in order to be
consistent with the data (see curve E). Such a model would
differ very little from a simple halfspace model. I will

therefore not consider it for the interpretation.
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The third stage of data processing results in the
apparent resistivity and phase spectra. The variation with
frequency could provide additional independent information.
Dr. R.N. Edward’s inversion programme -{(see section 2.1) was
modified for thelMINI~MOSES configuration and applied to
apparent resistivity and phase spectra below 10 Hz (i.e.
within the 0BC-bandwidth). The results in figure 4-12b show
that the data are consistent with a variety of models even
though the class of models had been restricted to halfspace
and layer over halfspace cases. The decreasing sensitivity
of the apparent resistivity with depth seen in figure 4-12a
{the curves were produced using equation 2.1(12)) may
explain why the resistivity is not well constrained there.
All these models fit the data as can be seen in figures 4-
l2¢c,d. Even when the programme was forced to fit a
halfspace it succeeded with the predicted apparent
resistivities just grazing the error bars of the measured
oneé for a 14 &m halfspace. This value agrees with the 15
ffm found from the straightforward modeling(of the results

from the second stage of the data processing above.

The halfspace model would correspond to seawater-
saturated seafloor basalts. Their bulk porosity ¢ could be
calculated from the measured electrical resistivity, p, and

the resistivity of the pore fluids, Per using the empirical

Archie’s law:
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P -
Pg

where a and m are empirical constants. Although developed
for sedimentary rocks this relationship has been tested and
applied to seafloor basalts that have largely vesicular and
thus poorly connected porosity (except in rubble zones and
in fractured zones) resulting in the empirical values a n 1
and. m v 2 {reviewed by Becker et al., 1982; Hyndman et
al., 1983). ¢ = 12% was estimated for the uppermosf basalts
in DSDP Hole 5043 {(Becker et al., 198BZ; Becker, in press)
and in DSDP Hole 3952 (Hyndman et al., 1983) after
correcting resistivity logs for the decregse in f£luid
resistivity with the higher temperature in the boreholes.
For the upper tens of meters the temperature of the pore
fluids should be near that of the deep ocean (2°C). The
electrical resistivity of the deep ocean water, 0.31 {m
{Bullard and Parker, 1970, appendix) seems therefore

appropriate for the pore fluids in my case.

Because of the non-unigueness involved in inverting my
two data points without additiocnal information, the 14 Qm
halfsPace model does not constrain the basalt resistivity.
The latter would be higher if I allowed for a two-layer
model with a low-resistivity zone. Rather than calculating

a porosity I will now assume that the shallowest well~log
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porosities (12 % at about 300 m depth) are representative
for the upper tens of meters of basalt. This results in

20 Om resistivity for the seawater-saturated basalts.

The resistive layer over a conductive halfspace
comprises a wide range of possible models as can be seen
from the inversion results in figure 4-12h. This class of
models may be interpreted in two different ways: a) as a

water lens covered by a basalt layer or b) as a stratiform

sulphide deposit covered by a basalt layer.

a) A drained lava lake, now filled with seawater is
indicated on the map (figure 4-2, "cbllapse structure”) near
the OBC. Such structures can be 15 m deep (Hekinian, 1984}
and represent a conductive (seawater) lense (layer) over a
resistive halfspace (basalt). Such a ”Wateruléyer“
underneath thé 0BC would not have been detected if it was
very thin (about 0.5 m). It might however be thick and
covered by‘tens of meters of basalt thus representing a 0.3
{im "halfspace” underneath a thick {(about 40 m, inferred from
figure 4-12b for a 0.3 Qm halfspace) resistive layer. A
large, thick water lense, covered by thick, heavy material
might be mechanically unstable and parts of it may collapse.
Rubble zones with 50 % or more porosity or interconnected
small water lenses also represent conductive zones

underneath the solid-looking basalt flows at the seafloor.
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Such scenarios are most likely the cause for the results

chtained in this survey.

by A -stratiform sulphide deposit might have been formed
when a vent area with sulphides was covered by lava flows.
The electrical resistivity of the seafloor sulphides can
however at best be guessed. Various models are therefore
possible according to the inversion results in figure 4-12b,
even when the basalt resistivity is close to 20 fm as I have
suggested above. They range from a 15 m basalt layer over
10 fm sulphides to a 40 m basalt layer over 0.3 {Im
sulphides. As seen from the halfspace sensitivity in figure
4-12a, little information is available from helow 40 m. The
trend that lower resistivities are allowed for sulphides
underneath thicker basalt cover may well continue. Metallic
sulphide deposits in ophiolites on land are typically
covered by younger lava flows which stopped their dissolving
in seawater immediately after formation. A detailed MINI-
MOSES survey could delineate such conductive lenses at depth

underneath the seafloor.

So far, the inversion of the survey results was
restricted to layered earth models and each statement about
possible interpretations should have an "if there are no
lateral variations in electrical resistivity, then ..."

placed in front. Allowing for lateral resistivity changes
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introduces new variables into an already non-unique
inversion. I will therefore start with the assumption that
the seawater-saturated basalts have a bulk electrical
resistivity -of 20 Om. &An estimate of the direct~current
channeling by a steep conductive plate underneath the
surface expressions of the sulphides may then serve to
estimate an upper limit on the size of the deposit. A
vertical plate appears reagonable hecause the hydrothermal
activity is likely controlled by the vertical faults near
the ridge-axis. Stephen J. Cheesman {1983) devised an
algorithm to calculate the magnetic field of an electric
current source in a conductive medium in the presence of a
conducting thin plate (i.e. currents only in the plane of
the plate). &n integral equation is solved for the electric
field in the plate. With the conductance of the plate given,
surface currents can be calculated and from them the
magnetic field at the receiver. The alqorithm was modified

for the MINI-MOSES case.

A possible stockwork zone was simulated as the plate
shown in figure 4-13 with wvarious conductances and embedded
in a 20 &m host medium. The depth extent of 50 m would
include only the part that might contain appreciable amounts
of sulphides. The 90 m length of the plate was taken as the
length of the active hydrothermal zone. The results in

figure 4-14 indicate that a 5 S plate is consistent with the
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data. The thickness of the plate could be obtained by
multiplying conductance with resistivity. Francis (in
press) measured 0.035 Qm on one sample of seafloor
sulphides. The bulk resistivity may, however, be larger
because of the abundant Sphalerite in seafloor deposits
{Oudin et al., 1981). Even with a water content of 25-50%
{Crawford et al., 1984) the in situ resistivity might be as
high as 1 Qm. This would result in 5 m thickness for the
plate. The deposit is then at most 20,000 m> in volume
which, using the density 5 g/cm3 for pyrite translates to
100,000 metric tons. This is below the size of economic
land deposits even after adding the few hundred to few
thousand tons visible at the surface. If one assumes that
this plate continues along the ridge-axis then at most
100,000 tons every 100 m could be found. More likely, the
deposit is localized because of the localized nature of the
hydrothermal activity (Crane and Ballard, 1980). If the
host resistivity was only 14 m instead of the assumed 20
fm, then there would be no need of a conductive plate to
explain the data. If the host resistivity was 30 {Qm, then
the plate model would still result in a relatively small

deposit.

This type of metallic sulphide accumulation would

therefore not represent the ancestors of land deposits in

the Cyprus ophiolites or elsewhere that have been related to
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submarine hydrothermal springs. It might, however, develop
into a larger cne before the magmatic activity shifts (as
proposed by Crane and Ballard, 1580) to a different volcanic
center along the ridge-axis. A MINI-MOSES survey over a
relatively young, inactive vent area might clearify this
point. The deposits in the Cyprus and Oman ophiolites are
clearly fault-controlled (Coleman, 1977, chapter 5) and may
- as suggested by Malahoff (1982) - be related to the large
deposits discovered in off-axis fault scares. A MINI-MGQSES
survey should therefore be located in this geological

setting.
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5. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

5.1 SUMMARY

The upper few tens of meters of seafloor basalt on a
mid-oceanic ridge have been investigated with a geophysical
method. Also for the first time a possible subsurface
extension of a polymetallic sulphide deposit has been

examined at the seafloor.

For this purpose I have developed an electromagnetic
technigue that uses a vertical electric bipole transmitter
to feed electric current into the seafloor, and an induction
coll magnetometer that measures the magnetic field of that
current at various distances from the source bipocle. Both
instruments are self-contained and microprocessor-
controlled, recording transmitted and received waveforms in
random access memory. The transmitter drives a +5 A
regulated current with an IP-waveform of 2 s period into a
100 m long insulated wvertical wire with large stainless
steel electrodes at either end. The induction coil receiver
measures two orthogonal, horizontal components of the
maghetic field. Four horizcontal-axis coils (two for each
component of the magnetic field) are wound on a sguare,

soft-1ron core. Each of the two sensor components
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represents a 990 b resistance, a 93 H inductance, and a 7.6
uV/ {nT*#Hz) electromotive force. After amplification and
digitization, the signal 1is recorded with the dynamic range
0.3 pT - 80 nT over the bandwidth 0.3-10 Hz. Predicted
instrumental noise was mainly of low frequency at a level of
3 pT. The noise during the test survey was an ocrder of

magnitude higher because of faulty electronic parts.

A test survey was conducted in 2200 m deep water on the
Endeavour Segment of the Northern Juan de Fuca Ridge
(47°57'N, 129°06°'W) near a sulphide deposit in an active
hydrothermal vent field (Wolfgram et al., 1984). The QBT and
OBC were lowered close to the seafloor at the end of a cable
and then released. The deep submersible ALVIN located them
and then adjusted their separation to different values at
prearranged times. After three days the buoyant aluminum
pressure spheres automatically released from their anchor
weights and floated up to the surface to be recovered and
the instruments interrogated. The data were measurements of
twb horizontal components of the magnetic field at two

different transmitter-receiver separations (30m and 85m).

The transmitted and received signals included the odd
harmonics of the 0.5 Hz base frequency with decreasing
amplitudes towards the higher harmonics. The redundancy in

the phase data was used to find accurate corrections for
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offsets in start time and frequency of the clock-oscillators
in transmitter and receiver. These corrections allowed the
recovery of phase information from the data. The data
processing resulted thus in apparent resistivity and phase
spectra. The redundancy in the amplitude data allowed an
estimate of the inclined wire effect that appears mainly due

to (reversing) tidal water currents.

The inversion in terms of a one-dimensional electrical
resistivity structure helow the seafloor showed that the
data are consistent with a resistive layer over a conductive
halfspace. The thicker the resistive layer on top, the
lower a resistivity of the halfspace is allowed by the data.
Possible interpretations range from a 15 m basalt layer over
a 10 fm high porosity sone or stratiform sulphide deposit to
a 40 m basalt layer over 0.3 {m sulphides or over a drained
lava lake now filled with 0.3 Qm seawater. Little can he
sald, however, about depths beyond 40 m because the 85 m
maximum transmitter-receiver separation in this survey
limited the depth penetration to about 40 m. The vertical
electric bipole technique would have resolved thicknesses
and resistivities with little "geological input" if enough
data points had been available {(about 10 instead of my 2

points, see for example Edwards et al., 1985).
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With lateral resistivity changes allowed in the form of
a vertical conductive {sulphide) plate, the inversion was
again non-unique. The host resistivity was inferred from
DSDP results as 20 Qm for the upper seaflcoor basalts with
about 12 % porosity. With this model parameter fixed the
interpretation indicates a deposit between a few 100 tons
and a few 100,000 tons of sulphides which is smaller than

economic land deposits.

5.2 BUGGESTIONS FOR FUTURE WORK

All three main aspects of this thesis - theory,
instrumentation, and application - represent advances into
unknown territory. 1 have attempted to lay down a soclid
basis for future work. The possible extensions will now be

summarized.

5.2.1 THEORY

The simple one-dimensional model in chapter 2 requires
an extension to include lateral changes in electrical

conductivity. The measured magnetic induction as a function
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of frequency and transmitter-receiver separation could be
predicted through numerical modeling. Appendix B seems a

promising basis for an efficient computer algorithm.

The theory should also be extended to the case of an
anisotropic resistivity. This was already done for the

MOSES technigque by Nobes (1984) and Edwards et al. (1984).

5.2.2 INSTRUMENTATION

Much of the success of the MINI-MOSES instrumentation
can be attributed to its bandlimiting features. On the
other hand, an expansion of the bandwidth may permit induced
polarization measurements and fregquency sounding. I have
indicated in chapter 3 several possible modifications that
would allow an extension of the bandwidth to optimistically
6.1 Hz - 1000 Hz. Table 5-1 shows the ranges where

induction becomes important enough to limit OBC-0BT

separations.

Both OBC and OBT would reguire a faster analog to
digital conversion and optimized software to keep up with

kHz sampling rates. The clock oscillators would have to be
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ad justed, and shorter intervals between system resets

(shorter survey times) should be taken into consideration.

Table 5-1: BSkin depths in various media

Resistivity Skin depths in [m] for frequency Material at

CHim3d 0.1 Hz 10 H=z 100 Hz 1000 H=z the seafloor
20 7070 707 224 71 basalt

2 2236 224 71 22 sediment

0.3 880 88 28 9 sea water

Another important improvement would be a separate

battery back-up for the CMOS random access memory to protect

the data.

The addition of a vertical component coil would be very
desirable for applications over laterally varying

conductivity structures.

The measured magnetic fields are created by electric

currents underneath the receiver. It should be possible to

include into a single pressure vessel both a transmitter and
a receiver. If two such packages are placed on the seafloor
then the "transmit” and "receive" functions could be swapped
by software control. Information about the electrical

conductivity underneath each package can thus be obtained
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without additional (expensive) submersible actions.
Multiple receivers could provide more sounding points

without much additional dive-time requirements.

Automatic ranging with software-controlled, acoustic
transponders was tested in the October 1984 survey near Toba
Inlet, British Columbia. It may provide greater accuracy in
estimating the separations as well as save on submersible

time.

The anchor weight may be redesigned for easier
orientation and levelling in rugged terrain. Lowering the
center of mass of the sphere by repackaging is mandatory to
make it float upright so that strobe-light and radio-beacon

can be detected in the recovery operation.

5.2.3 SURVEYS

It is clear from the discussion of the conductive plate
model in section 4.4 that we need more information about
bulk resistivities of seafloor sulphides in situ. It could
be obtained with short MINI-MOSES separations over a large
deposit., The separations would have to be short enough so

that the deposit "looks" like a halfspace to the receiver.
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The porosity or permeability of seafloor basalts -
useful parameters for hydrothermal modeling - can be
estimated from the measured electrical resistivities. For
this purpose, a sounding should be done with a receiver
placed in a basaltic area that lacks signs of sulphides to
within several hundred meters. A porosity-versus~depth
profile could then be determined that ties into the DSDP
results which do not contain information from the cased part

of the holes (upper few hundred meters).

Both the structural and resitivity information about a
large seafloor metallic sulphide deposit as well as the
porosity information about its host rocks could provide new
insights into the processes that - in geological history -

formed many of our valuable mineral resources.
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APPENDICES



A. FOURIER TRANSEORM AND POWER SPECTRUM

An infinitely long time series of a random wvariable
f(t) can be thought of as a random process so that each
finite section of f£(t) is a realization fj(t) of that random
process lasting from tj to tj+
{Kertz, 1978)

=£.+T . A random process
1 "7 "o

fit) = £fj(t), j=l,2,...1 (1)

is stationary if its expectation wvalues EEfj(t)J - defined
as averages over J - do not depend on the time t and if
EEfj,fk] depends only on the difference T=tj—tk° The
process is ergodic if averages over t are equivalent to
averages over j. Now assume that the realizations are
normally distributed as would be expected for white noise.
The statistics of the realizations is determined by the

means ELfjl and by the covariances

Ojk = EEfjka = EEf(tj)f(tk)]. (2)

For a stationary and ergodic random process these
expectation values can be calculated by averaging over time
and the covariances depend only on the difference thj—tk:

1 T/2
o{T) = lim T [ T(e)fi{t+T) dt (3)
T -T/2

If the process is stationary then the integral from -« to +w
over the autocorrelation function o(1) is finite and the
process can be represented by its power spectral density via

a Fourier transform

oo

Plw) = [ olt) e 1WT g (4)

=00

This is a consequence of the Wiener-Khintchine theorem (see
Kanasewich, 1975, chapter 7.2). After substituting (3) into



(4) it follows (Kanasewich, 1975) that the power spectral
density can be calculated from the spectral density (Fourier
transform) of the time series:
2

P(w) = 1lim & [f(w)]

zim T (9)

The conventions for the Fourier transform pair:

og

o it ~ ~iwt
Iftwyet™ dw flw) = ff(tre *rdt (6)
- 00

- 00

f(ty =

=
5]

converted for finite discrete time series of length T0=Nat:

PR - _
E =ty o= (Gt w— W, = kdw = k 20/T, (7
£(E) — £(t)) = £, fw) — flw) = £ (8)
N-1. .. . 1.2rk . T N-1 .. ..1.27k
£ = %— ¥ fke1(3+§’ N f,o=g> Lfe i) (9)
J o k=0 j=0 J

have been used in this thesis to calculate spectral
densities ("Fourier transforms") and power spectral
densities:

-1 7
Plw) — Pk = TU Hf

kiz (10)
The power spectral density of random {(white) nolise equals
the variance of the time series, is independent of
frequency, and changes little with the length T0 of the time

series if the latter is long enough.

Stacking (i.e. adding sample by sample} K time series
{("sweeps") of N samples each, results in another time series
("stack") with N bins. Each bin of the stack contains the
sum of K samples. These K samples for bin #n will have a
mean Mn and they will have a standard deviation (rms) m
that represents their white noise content. The variance of
the n'th bin

2 1

My = R-1 .

[ =N

l(fn(k)ﬂMn)



can be rewritten as a variance w.r.t. to a value A which is
not the mean, using m’(A)=m’+L[K/(K-1)1(M-A)2:

K
2 1 _ - 2 K N 2
mn{Mk) = I kEl(fk(n) Mk) = m, t ooy (Mn M)
2 2 2 z
For a large number of sweeps mn(Mk) vomovom v mk(Mn),

i.e. a sweep should have the same mean and variance as a
bin; or: time averaging should be equivalent to statistical
averaging. Therefore the quantity

K 2

Xz(n) _ T {fk(n) - Mk]

L e

k=1
represents the normalized variance of the stack, calculated
from the measurements in any of the bins. It follows a xz
distribution (Kertz, 1978) which has the mean M(x2)=k (and
the variance mz(x2)=2k). The power of the sum (stack) of
white noise measurements increases therefore proportional to
the number of measurements. The power of a periodic signal,
on the other hand, increases with the square of the number
of measurements. As a consequence, the signal-amplitude to
rms-noise ratio of a stacked time series increases with the
square root of the number of sweeps that have been added
into one stack.



B. AN INTEGRAL EQUATION TECHNIQUE FOR SIMULATING
ELECTROMAGNETIC INDUCTION IN TWO DIMENSIONS

The February 1971 issue of Geophysics (vol.36, no.l)
was devoted to modeling the electric and magnetic fields
produced by scatterers in a conductive earth in response to
excitation by sources above the earth. An integral equation
is solved for scattering currents due to the excess
electrical conductivity in the anomaly. Weidelt (1975)
summarized and derived solutions for a three-dimensional
{conductivity varies in all three directions) inhomogeneity
embedded in a one-dimensional (conductivity varies only with
depth) earth. His solution has been modified in this
appendix for a two dimensional inhomogeneity (conductivity
does not change in y, the strike direction) by a Fourier
transform in the strike direction. This results in a
formulation that promises high computational efficiency and

speedﬁﬁThe/9ﬂT§/6ther two-dimensional solution is based on a j?g

_finite difference approach (Stoyer and Greenfield, 1976)

gh?ﬁﬁ'has certain disadvantages for a moving source system
as explained in chapter 2 of this thesis.

The parts of this appendix that cover the three-
dimensional case are presented in detail because the
reference (Schmucker and Weidelt, 1975) is not well

accessible.

B.1 VECTOR INTEGRAL EQUATION FOR THE ELECTRIC FIELD

In frequency domain, with negligible displacement
currents and with source currents separated into inductive

(oE) and other (J) parts Ampere’s law and Faraday’'s law



VxH=90E+ J and Y x E = -iwuoﬂ

combine into a vector differential equation for the electric
field

VxVxE+ &°E = ~iup J where of = fwp o, (1)

The geophysical model of a layered conductive halfspace
is defined by a certain "normal” conductivity structure
Un(z) {(figure B-1). Any source distribution in that
halfspace will give rise to a "normal" electric field
En(x,y,z) that can be calculated with existing algorithms

(e.g. Boerner, 1984). Introducing a scatterer

g = Un(Z} + O'a(errZ) (2)
into a region Va of the normal conductivity structure will
give rise to a scattered electric field ga:

E = En(x,y,z) + Ea(x,y,z) (3
The electric field of a source current J in the normal model
is a solution of

Yx¥9¥YxE + ng = =iwu J (4)
n n=n 0

whereas the model with the scatterer is described by

2,2 s
¥V x ¥V x (§n+5a) + (mn+ma)(§n+5a) = 1wuog (53
Subtracting (4) from (5) yields a vector differential
equation for the scattered electric field Ea

¥V x ¥ xE + «’E = -iwp o E (6)
a n=a o a

that simulates the effect of the boundary of the scatterer
by an inductive source current cag contained within the

bounded volume Va. Suppose the solution Qi(g',g} of

) z : - '
¥V x ¥ x gi(g SE) + mngi(g SEY = ;iS(g E) (7)
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Figqure B-1: Example for a scatterer of conductivity o=
Un(zi+o (r} embedded within a normal conductivity structure
o_(z}, e symbols included here define the numbering scheme:

aT1 quantities within one layer have the same index as the depth
to the top of the layer.



that vanishes at infinity is known, where gi is one of the
unit vectors %,¥,2. Multiplying (&) by the Green vector
Qi(g’,g) and (7) by the scattered electric field E (') and
integrating the difference over the whole space gives

[EIG; (27, 2) " UXYXE, (£') - E_ (') -Ux¥xG, (£’ ,r) dr

- 2 ’ t . ! ~ - LA +
= Sl ()G (" ey E(e") + X, -E (©)8(e'~r) dr

Applying Green’'s vector theorem to the left hand side and
observing that ga and Qi vanish at infinity shows that the
left hand side is zero. The second integral on the right
hand side equals Eai(g) while the first integral need only
be extended over the volume Va of the scatterer because
kaz(g’)=0 outside:

E_.(g) = —-IJ‘Ior.;(_r;')gi(r_’,g)-g(g’)dg‘ (8)

Vv
a

After combining all three components and substituting E-

_E_n=Ea r

2 r ’ - f 1 =
E(r) + I‘J;fona(g 1G(x', ) Ele)de’ = B (x) (9)

a

where gi is the i'th row of G and G(r',r) is the dyadic
Green function for the electric vector Helmholtz equation in
a layered halfspace. (9) is a vector integral equation for
the unknown total electric field E within the volume Va and
has been used by Weidelt (1975) to derive an algorithm for
three dimensional numerical modeling of magnetotelluric
results. He divided the scatterer into a number of prisms
such that the electric field within each cell can be assumed
constant. The volume integral in (9} over the scatterer
reduces then to a sum of integrals over single cells. The
discrete equivalent of (9) is a linear inhomogeneous system
of equations with the known normal electric field En(gi) on
the right hand side. The coefficient matrix contains
products of the anomalous conductivity oa(gi) and Green

functions fffGij(gi,g.)dgi integrated over the i’th cell.

]



A change in the source configuration affects only the
right hand side and does not require a recomputation of the
coeffient matrix. The cell-integrated Green functions need
not be recomputed for a change in the conductivity of any
cell (as long as a change in the size of the cell is not
required); induced polarization is thus easily simulated as
a frequency dependent complex conductivity according to the
Cole-Cole formula (Pelton et al., 1978).

In a two dimensional earth conductivity is allowed to
vary only in the x,z plane. The y’ integration in the
integral equation (9) becomes a convolution since the Green
dyadic depends on y-y’ whereas E depends on y’' alone and
maz(x',z‘) can be taken in front of the y’ integral. Hence a
Fourier transformation in y’ (appendix A) reduces the y’
integration in (9) to a multiplication in the g wavenumber
domain:

E(x,z,q) + iwuo N oa(x',z')G(x‘,z',x,z,q)-E(x’,z',q) dx'dz’

S
a _
= En(x,z,q) {10)

where the volume Va of the scatterer has been replaced by

its cross sectional surface San

B.2 THE ELEMENTS OF THE GREEN DYADIC

The electric field E away from sources or boundaries
has only a divergence free (transverse) part VxA which can
be represented (Morse and Feshbach, 1953, Chapter 13) by two
scalar potentials so that the part of E derived from the
tangential electric (TE) potentilal % is tangential to planes
z=z_ and the part of E derived from the tangential magnetic

{TM) potential x has a curl tangential to Z=Z



E = ¥ x(20) + ¥ xV x (zx) (1)

Morse and Feshbach (1953) demonstrated that if any of the
scalars satisfies the scalar Helmholtz equation then the
part of the field derived from it is a solution to the
vector Helmholtz equation. Hence for E to satisfy the vector
Helmholtz equation let

2 2

vig = -aly (2), and vix = -aly (3)

The potentials are suitable for the problem because for the
divergence free electric field: zxzxg=v2§, and equations
B.1(1l), B.1{(4) - B.1(7) reduce to Helmholtz equations.

The electric and magnetic field components are in terms

of these potentials:
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Yy dXazZ
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E 9X + dyaz (1)
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2 2
[a_;+a_zx
X 3y

The continuity of H and the tangential E at a horizontal
boundary between the m'th and m+l’st layer requires

Z X (Em - E

—m+l) = 0 (ba-6c), and Hm - H = 0 {7a~7c)

—m+1



Schmucker and Weidelt (1975} demonstrated how the boundary
conditions for the potentials derive from (&) and (7}): After
substituting (5) into (7) it follows that

z

2
2] 2]
B T— (m - w ) - 0.
[ ax2 ayz ] m m+1

The jump in 1 satisfies the two dimensional Laplace
equation, is bounded and vanishes at infinity because of the
finite extent of the sources. Hence, from Liouville’s
theorem it is zero. In other words ¢ is continuous.
Differentiating (7a) with respect to x and (7b) w.r.t. y and
adding it follows along the same line that a{/8z is
continuous. Differentiating (6a) w.r.t. x and (6b) w.r.t. to
v and adding the continuity of 8yx/8z is obtained. Finally,
differentiating (7a) w.r.t. y and (7b) w.r.t. % and

subtracting gives the continuity of ox. In summary,

ELY N :
W, 3z’ 9Xr 35 are continuous (8

The aim is now to find the elements of the Green dyadic

~ ~
(G EX(%wx) + ngx(%xx)
Gi{r',r} = |G = 19x(zdh. ) + UxUxizx )
- =y - XmY - XXY
\gz gx(;wz) + yxyx(;xz)
fn2 2 \
My | By Bxy ¥y 2 +az\x
0X0Z o ayaoz ax v 21X
¥ ¥ LOX v
2 ya
a ™ x ol X ol 2 2
= laxsz T 3y 3ydz  8x -3 z T - Ry (9)
L OX ay
2 2
) X, ) X, ﬂ,az a2 \x
dxdz ayaz 2 2|z
¥ 3% ay

that solves the Helmholtz equation obtained from B.1(7),

2 ' 2 . - ‘ .
v gi(g fr) o+ mngi(g Sr) = gia(g r) where 1i=x,v.,2 (10}



with the boundary conditions (8) at z=2 - The Green dyadic
used to transform a scurce-dipole in an unbounded medium
into an electric field is (Morse and Feshbach, 1953, chapter
13, p.1780}):

3 1
G,.(r,g’) = (~S,.V2 - -w-m] 2= glr,r")
1] ij axiax, o2
where gle,r’) = e ® ' EE"l4niv v/ | is the solution of the

scalar Helmholtz equation V2g+ng=8(£—g‘)e Therefore vzgz-
ng except at the singularity r’ and it follows that for

rfr’

G..(r,r') = [kzs.. - 2 (11)

1]

Following Schmucker and Weidelt (1975) a comparison between
(9) and (1ll) yields particular solutions for the six
potentials Xqr wi (i=x,y,2): For 1=z and since a/3z'=-3/3az
(11) becomes

A, 3 inlg-r’| n glote-r’|
G, = (-z2V' + V=) =————— = - VUxVUxz .
4t -’ | 4o £~ |
Comparing this with (10) shows that
elole-£"|
X, T = — (12} and P o= 0. (13}
z z . z
dme” {p-r’ |
With Sommerfeld’s integral (1l2) is rewritten as
oo i
N, = - = 270z 1oy aa (14)
A 2 © 0
470" o
where r’ = (x-x')° + (y-y)? and 0% = a? + A%
{15)

For i=x,j=z, using Sommerfeld’s integral and the identity

2

2
] ] (a ) _ 2 3
— = J (Ar} = = a7 =— J (Ar}
[axz ayz] 8X 0O ax o



equation (11) becomes

2 2 o . . _ o
G - [a + 9 ] 1 3 s sign(z-z') _-9fz-2 . (ap) dx
Xz 2 2 2 dx A 0

oX ay

4moe 0

and a comparison with (9) shows that

o0
1 3 sign(z-z') _-Ofz-z’|
Xy = T i 3 e JO(Ar) dx. (le)
4T 0

For i=x%, j=y and with Sommerfeld’s integral {(11) becomes

2 o0
1 5 AL0O 0 _-0lz-z']
ny - Aqol 3X8Y g (5 * = X € Jo(kr) dx
2 2 o]
_ 2 13 1 _-0lz-z']
= 3yaz Rx T i axay é 20 € Toar) da
so that by comparison with (9)
L i
T ,g....f fas e 172 g Gy an. (17)
0
By symmetry,
00 - L —_ — i
X, = —— & paignlzzz]) 70127270 7 (ir) ax (18)
¥ 4o Yo
o0
= . 1 8 1 _-Olz-z7]
wy a7 3% i 50 € JO(Ar) dx. {19)

The two dimensional integral equation B.1(1l) requires
the elements of G in the gq wavenumber domain. On using
{Oberhettinger, 1972)

00

00 00
i(px+qy) -
rr f({pz+qz) e dpdg = [ £{x) Jo(lr)kdl (20}

—00—00 0

tIf
51
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with A2=p2+q2 and r2=x2+y2, the Fourier transforms

B.1(10}) of the particular solutions for the potentials (12)

(19) become:

oy, . ¢ _ [ 3 —
f ip 51g2(zzz ) e Plz-z'] elp(x x') dp (21)
—00 2 a° A

[

%x(x,z,q)

o * i ign(z-z') _~0lz-z'| _ip{(x-x')
X.(%X,2,9) = f 19 51g2 zzz e glPtX dp (22}
¥ —~00 2 o X
ny =7 1 Y ~@lz-z'] _ip(x-x')
xz(x,z,q) = [ |~ —=— e e dp (23)
—oo \ 2 o, @ /
% T ig ) _-Olz-z’] _ip(x-x')
x(x,z,q) = f |- > e e dp (243
—do | 2 A7 9 )
o . . - !
bo(x,z,q) = f (- 2B} 701272 GIR(x=XT) 4y (25)
Y - oo \ 2 A @ 7
Y, (x,2,q) =0 (26)
where
A = p2 + qz 0% = A% + &? x? = iwpoo (27)

The general solutions in the presence of horizontal
boundaries at z=z are conveniently obtained by separating
out the z dependence in the differential equations (3) and
taking the two dimensional Fourier transform in the
horizontal coordinates. The resulting equations are of the
form

2

mﬁz 8(p,q,2) = -~ 0% &(p,q,z) (28)
oZ

with a particular solution (compare to (21)-(26)):

- _— I
e Qjz-z"|

f(p,g,z) = (29)
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The boundary conditions (8) for the potentials result in

] and % %% continuous (30a)

. { 1 for X, Xy . - { o for X Xgr Xg (30

@ for wx, wy’ X 1 for wx’ wy ,C)
General solutions for & in layers may be obtained by fitting
the coefficients of the upward and downward diffusing

exponentials in

-0 (z-z } +0_(z-z )
_ n n + n n
@n(p,q,z) = an e + a e {31)

to the boundary conditions and adding the resulting
expressions to the particular solution {(29). The general
solutions for the transformed potentials may then be

e @272 4n (21) - (26) with

the general solutions for &. I followed this procedure for

obtained by replacing

one layer {ocean) between an upper halfspace (air) and a
lower halfspace {crust} and checked its consistency with a
more elegant method of obtaining the general solution for @
in the N - layered earth as suggested by Dr. P. Weidelt

{(private communication) which will now be presented.

For more convenient writing let Rn(z) be an
electromagnetic reponse function {(Chave, 1982) for the TE
mode or for the TM mode in the n’th layer (figure B-1):

Yp @n(z)
a@n(z) / Bz

Rn(z) {32)
where v as defined in {(30c) separates TE and TM mcdes. R 1is
continuous across horizontal boundaries z, with no sources
on them:

Ro_1¢z) = R (z) for z_ F z' (33
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This does however not mean a loss of generality because
every "source-layer"” can be treated separately and the
resulting fields added. The radiation conditions in the

upper and lower half spaces require that

Ro(z1) = Y, @O and RN(ZN) ~ Yy @N. {34)
Starting from the upper and lower halfspaces R can be
obtained at any layer boundary by use of the recursions

which follow after combining (31), (32} and (33),

¥
Y, Rofz) + 59 tanh(@ d )
_ . n
Roy1(Zoep) = il (35)
5 + R {z )Ytanh(& d )
n n n nn
Yl’l
v Roy1(Zpeq) - 5 tanh(e d )
R (z ) = n (36)
n “n @n Yp
@; - Rn+1(zn+l)tanh(@ndn)

if no levels z=z’ with singularities in g(r‘,r) have been
crossed. R can be obtained anywhere in the stack when
introducing "artificial” layer boundaries with no change in
the electrical conductivity. This is a valid procedure
because the recursions (35) and (36) are associative across
such artificial boundaries z=z_: It is easy to show that one

step from z_ to Zo41 gives the same Rn+1(zn+1) as two steps

n

from z to z, to =z The same 1s true when going from Z,

n+l-
to z, for obtaining Rn(zn).

+1

The auxiliary functions @S(z’) and ¢__,(z’) at the
singularity level z=z' can now be determined from the upper
and lower stack response functions as propagated onto the
singularity lewvel. Combining (29) and (32) and

differentiating with respect to 2z, the system of equations

8 ,_1(2) - 8 _(z') =0 (37a)
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ad -1 3¢
3 - =2 =20 {(37b)
3z Z 9z |2 ]
a@sﬂl
R5 1(27) =53 .y Ys—lms—l(z ) =0 (37¢)
a@s
R_(z") 37zt Ys@s(z y = 0 (374)

is obtained with the solutions

20 R_(z') R__;(z")

¢ _(z') = E— 7 (38a)
S Yq Rs{z ) Rs_l(z )
b 27 = @ (z7) (38b)
Y R (z")
] s-1
=1, = 20 e, 7 (38c)
9z |z S Rs(z ) Rs~l(z )
3% R_(z')
5-1 S
;= 20 A 7 (38d)
9z Z s Rs(z ) Rs_l(z )

The recursicns away from the singularity level as derived
from (30), (32) and (35), (36),
_ Tn’%n
R _(z ) -0 d
n n

e 0 (39)

£
_ n+1
¢n+l(zn+l) - £ Qn(zn) Y. /0
n 1 - n

Rn+1(zn+l)
1 + ¥n’%n
£ R

CI)n{zn) = En+1 ¢n+l(zn+l)

n+1(zn+l) "endn

e {40)
Yn/@n

Rn(zn)

1 +

allow the computation of & anywhere in the stack when
started with és(z') according to (3Ba) and when artificial
layer boundaries have been included. Similarly, the easily

derived recursions

1+ Tn/%n_
ai’r‘1+l - Yn En+1 Bin Rn(zn) e—endn (41)
9z Zn+1 Yn+l ®n 9z “n Yn/en
1l + Tz 7

n+l(zn+1
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v /0
;- _m"n
v _ Yn+l En 2%n+1 Rn+102n47) ewendn (42)
9z “n Yn fn+l 9z Zn+l 1 - Yn/@n
R (z )
n “n

can be used in conjunction with (38c,d} to find the

derivatives anywhere in the stack.

The use of only one auxiliary function & and one
response function R simplifies the algebra. In practice it
is however necessary to evaluate two response functions for
TM and TE modes, respectively, and three auxiliary functions
as indicated by the choices (30b,c) of v and € in (39) -
(42). This becomes clear in the following conclusion:

After replacing e—@[z—z |

in (21) - (26) with the
general solutions for &(p,g,z,z2') and substituting the
resulting expressions into (9) the following general
solutions for the elements of the Green dyadic in the g

wavenumber domain aij(x,x’,z,z‘,q) are obtained:

M
00 2 _s oy 00 2 . !
o - 1 ! [_ p- sign(z-z') r ., g @E] ip(x-x") dp (43a)
XX 2 5 z .2 oz 2 r
oA AT0 ~
M &
00 . sy B0 ' . s
axy =%~ ! [— B4 sign(zz z’) azré}&/ 1 @E] e1P(XX) 434 (a3p)
~c0 o A S ATe
o0
_ 1 ip sign{z-='}) .M iplx-x')
¢, =2 ( : 2 ] e dp (43c)
— 00 oL
M
d .1 ? (_ pg sign(z-z') 3% + B4 @E] eip{x-x") dp (43d)
¥X 2 _3 o 22 dZ zig ¥
M
oo 2 . w t o 2 : ——r
& - % [ (ﬂ g sign;z z') azr _ pz QE] eip(x-x") dp (43e)
Yy —co o A ATe
[s,1]
. 1 ig sign{z-z') M ip(x-x')
8YZ ; ( = 3 ] e dp (43f)
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1 ip 2% ip(x-x')
8. =% I [ SoEbl 2 ] e dp (43g)
—00 a” O
M
¥ .1 % [ __ig %% ) eIPX-X) ap (a3m)
zy 2 o2 o 92
0o 2 - r
835 I - 22— g } tPEY ap (a3n)
-00 oa” @
where @rM, QZM, @rE are the auxiliary functions that were
determined in (39) - (42) in order to obtain the TM

potentials Ky * Xy’ X, and the TE potentials wx' wy. Three
$'s were sufficient because there is no distinction between
the two horizontal components in (30b,c) as far as ¢ is

concerned.

B.3 ELECTRIC AND MAGNETIC FIELDS

The total electric field E{r’) within the scatterer Va
will be known after solving the integral equation B.1(9).
The same equation can now be used to evaluate E(r) at any
desired point ¢ when substituting the solution E(r’) back
into the integrand and evaluating G(r’',r) at the additional

points r:

E(r) = E (r) - [ff Glr',p) a2(x') BE(x') dr’ (1)

By the same argument and on using Faraday’s law, B=-¥xE/iw,

the magnetic induction can be obtained:

B{r) = B A{r} - u_ JJJ ¥ x G(r',r) o_{(r’) E(g") dr’ (23
n 0 g = a
a

where the curl operates on the unprimed coordinates and

~ [3G 3G ~ (8G 3G ~ (3G 3G
= -z . ¥ X _ 2 -5 _ =X
¥ g % [BY 32 ] Ty [az X ] *z [ax 3y ]
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With B.2(43)

the elements of
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as inverse Fourier transforms:

(V x
with

c
XX

(@R

Xy

R

Xz

12

VX

3t

¥y

12

XZ

(@R

ZX

e

zy

R

ZZ

o0

S . : ip(x-x')
g)ij = 2_£ Cij(x fX,Z2',Z,9) e dp
the integrands:

M E
. pd 8¢, + B g 0% sign(z-z') PR = | 9T,
mZO 9z OL2 r Aze 9Z
M E
- gz aiz + q2 °h sign({z-z') QM + Ez aﬁr
mZO 9Z mz ¥ AZG 9z
M
- igxz QM _ ig sign{(z-z') aﬁr
2 z 2 9z
o 0
M E
2 aéd 2.2 . . 2 ad
= - B azz _ _p’© 51gn(z z') Qg + g azr
o o ATO
M E
. _pa aéz _ Pq Ozsign(z~z') QM _p g aﬁr
mze 0Z x 2 ¥ XZG 9Z
M
- iEAZ QM ip sign(z-z') aér
x20 0Z
. ig (p® - gy SE

N G) £
__ip (p® - q°) E

r% e v
= 0

\
BGEY ) aGYY aGZZ ) aGyZ
oy 9Z oy 9z

aG aG aG aG
Xy _ Zy XZ ZZ
0z ox 3z 0X
any ) E)G}Sy aGyz B anz
X oy ax oy )

(3)

¥xG in (3) can be written

(4)

(4a)

(4b)

(4c)

(4d)

(de)

(4f)

(4qg)

(4h)

(41)



