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The aim is to develop a 3D tomographic method capa-
ble of inferring hydro-geological parameters, important
to contaminant transport modeling, with

by combining

and

measurements.

Each method yields important, interdependent partial
information with varying resolution. A full joint inversion
is required to obtain the needed hydro-geological data.
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A Little History

R. H. Varian, 1962, Ground liquid prospect-
ing method and apparatus, U.S. Patent 3,019,383.

Scientists at the
1978. Led to eventual development of “Hydroscope”
instrument over the next ten years.

in France
imported Russian scientists and technology to develop
. Instrument uses
Leased by Blackhawk for evaluation in
Colorado and New Mexico.




Experimental Geometry

Basic Constraints

Surface measurement = Static field must be
Static field = Large sampling volume
required

Receiver loop radius = Sampling volume :
depth sensitivity

Transmitter loop radius = is tipped sig-
nificantly to depth

Water sensitivity at depth =
required as well!

= Transmitter loop current am-
plitude

Happy window of intersection between
to obtain measurable signal
for sensitivity to water at
relevant depths




The Imaging Equation

Mathematical Ingredients:

I. Transmitter loop current Relle ! = Transmitted
field in the ground By(r, 7).

Horizontally stratified Earth
with piecewise constant conductivity, permeability.

Need to solve diffusion-dominated

4
B = VxA, D=0
C
. Independent information on
Alr the is not
provided by the NMR sig-
G_|_ J]_ nal, but must be provided by
O2 Ho (e.g., TDEM or FDEM
0-3 3 sounding).
Og4 Mg




I1. Co-rotating part B (r,#) of transmitter field = Pre-
cessing in-plane magnetization 1/ (r,t) o sin[~|B] ()]

phaselag (7 relativeto . ¢
plane N transmitter current: @ @t 47
OBy~ 1§, > e T
- = — + ! ;
/ // \\__// \ /
! P 7

In general, projection of B% of B into plane orthogonal

to By is . with semi-major axis f)T
B (r,t) = Bf (r,t) + B7(r, )

(Bl (r,t) rotates clockwise at wr

B (r,1)| = pf
B, (r,t) rotates counter clockwise at w;,

7\

s [Br(x,t)| = py7
propagation = Tdiff & %2
= (r(r) between transmitter current and co-

rotating field:

Ir(t) = I2cos(wrt) = Bl (r,t) « cos[wrt — (7(r)]
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East-West oriented vertical slice of co-rotating and counter-
rotating components of the field generated by a circu-
lar transmitter loop for insulating and conducting half-
spaces. Asymmetry is due to the fact that B. has been
tilted 25° north from the vertical.
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Same as previous slide, but now horizontal slices of

the co-rotating and counter-rotating components of the
transmitted field at various depths.
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East-West oriented vertical slice showing the diffusive
phase delay (r(r) between the co-rotating field at depth
in a conducting half-space, and the transmitter loop
current at the surface. The central white line shows
where the phase delay is 180°. The phase delay vanishes
identically for an insulating half-space.
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Same as previous slide, but now horizontal slices of the
diffusive phase delay for various depths in a conducting

half-space. The phase delay vanishes identically for an
insulating half-space.
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ITI. Precessing magnetization = Nuclear magnetic field
BN(I',t).

1 1
BatA]\' —|— V X <—V X AN) = 47V X MN

7!
My (r,t) = MP(r)cos[or(r,t)]
+ MY (r) x Bf (r,1)] sin[0r(r, t)]
4
BN = VXAN, D = 7;0
C

Propagation of nuclear field back to receiver loop intro-
duces a second phase lag.
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An East-West vertical slice of the tipping angle for an
insulating and a conducting half-space for a relatively
large pulse moment ¢ = 10%A-ms, which then places
the lowest 90° tilt region about 70m below the surface.
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Same as previous slide, but now horizontal slices of the
tipping angle at various depths.
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IV. Time
varying flux through receiver loop = Receiver loop volt-
age with nuclear contribution

Receiver Loop

n G

- Cr
TS
By (1 1)

14



Final Imaging Equation

Incorporating ingredients I, II, III, IV and blending well,
one obtains for the

V(g,%0) = /d37°K(q,Xo; r)ny(r)
272w S(S + 1)Bg
3kpT

% i) +Ca()] [BR(r) -br(r) + iBo - br(r) X bT(r)]
g = IY7, “pulse moment”

¥Xo = apparatus horizontal position
pﬁ(r),bR(r),CR(r) — elliptical decomposition of By

K(C],Xo;r) —

sin [vapf (1) pp()

For coincident transmitter and receiver loops:

27°wrS(S + 1) Bo £2iCr(r)

K(ano;r) — 3]€BT

pr (1) sin [vqqu (r)}
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An East-West vertical slice of the three-dimensional imag-
ing kernel for conducting and nonconducting half-spaces.
The imaginary part vanishes identically for the insulat-
ing case. The pulse moment has been chosen to be
g = 10*A-ms.
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Same as previous slide, but now horizontal slices of the
real part of the imaging kernel at various depths for
conducting and insulating half-spaces.
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Same as previous slide, but now horizontal slices of the
imaginary part of the imaging kernel at various depths
for conducting half-space. The imaginary part vanishes
identically for an insulating half-space.
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Relaxation and Porosity

Transmitter On Delay Transmitter Off
(10-80ms) Time
(30ms)
l/ Instantaneous Response
3 Signal
: Observed
o . Recording Time i
LY\

Current waveform driven
through transmitter loop

on the surface. The frequency
of the sinusoidal wave is at the

Larmor frequency.

In fact, the NMR signal contains more than just infor-
mation about the water distribution.

NMR signal relaxation time

contains information about

the subsurface physical and chemical environment.
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Magnetic impurities in the porous rock dominate relax-

ation, leading to and
1S
T, P2V

° p2 < impurity concentration and

magnetic reactivity

e 5/V surface-to-volume ratio of pores (larger for
small pores)

e Kozeny equation for
ko ¢3(S/V)™2, ¢ = porosity.

Of fundamental interest for oil extraction and toxic
spill remediation

Practically, due to 30ms instrumental delay time, water
in very fine pores, or in highly magnetic soils, is sim-
ply invisible. This, together with cultural noise, is the
strongest limitation on use of the present instrument.

20



The Inverse Problem

Inferring water distribution from NMR signal

Recall

V(g,x0) = /d3TK(q,Xo;F)nN(1“)~

To obtain full three-D n,(r), need three experimental
degrees of freedom.

Presently, apparatus is too bulky for convenient varia-
tion of horizontal position xg. Instead, approximate wa-
ter distribution as horizontally stratified, and vary pulse
moment ¢ = 77, only

Vig) = /’dzmq;z)nN(z)

R(g;2) = / dzdy K (g, %o: 7,1, 7).

This is “simple’” one-dimensional, linear, matrix inverse
problem.

Unfortunately, due to rapid decay of the sensitivity with
depth, the problem is very poorly conditioned, and var-
ious regularization techniques, based on physically mo-
tivated prior constraints, must be employed.
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Notice that the imaginary part
appears to focus on a well defined depth range that
increases with increasing ¢, whereas the real part has
a more oscillatory structure. At depth, insulating and
conducting real kernels are due to the
phase delay effect.
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Right: inversions of synthetic forward data for the con-
ducting half-space using (a) both real and imaginary
parts of the data, (b) only the real part of the data, and
(c) the real part of the data using the incorrect insulat-
ing kernel. The latter yields ever more spurious results
as the depth increases.
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Measured NMR signal (left) and derived water content
distribution (right) at Cherry Creek site in the Denver
area. Black squares on the left are experimental data.
Long-dashed line on the right is the inversion obtained
by NUMIS using the Earth model , ,
and in layers , , and ,
respectively. Solid and short-dashed lines are our inver-
sions based on this same Earth-model, and on an insu-
lating Earth, respectively. Solid line on the left is the
predicted voltage from our inversion; long-dashed line
is the NUMIS result; short-dashed line is our prediction
from the NUMIS inversion.
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Conclusions
Pros and Cons

Unlike purely EM methods NMR signal represents
an essentially of the presence of water pro-
tons.

The theoretical underpinnings of the NMR tech-
nigue now rest on solid ground.

Unlike borehole methods, surface NMR method is
non-invasive, and hence avoids contact with con-
taminated soil.

NMR method works poorly under less than ideal
conditions where many important applications lie.
Presently limited to unpopulated regions with mag-
netically clean soils.

Measurement protocol is time consuming (e.g., lo-
cating wy to within ~ 1% takes several hours) due
to limitations of power source (car batteries).
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Future Improvements

e Shorten dead time from transmit to receive status
from 30ms to a few ms

e Improved noise reduction: Better Frequency filter-
ing? Better loop geometries?

e Replace battery power source by a (quiet!) higher
voltage source (would allow lighter cables, and would
speed up measurement protocol)

The next generation of instrument may emerge from a
Blackhawk-NASA/JPL collaboration that is proposing
a robotic surface NMR instrument to search for water
on Mars. Other funding will be required, however, to
transfer the new technology to an Earth based system.

NMR dowsing holds great potential promise,
but is a technology still in its infancy

26



It nevertheless represents an improvement
over certain other non-invasive techniques
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