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(57) 
The invention relates to a method of mapping subsurface 
resistivity contrasts by making multichannel transient elec 
tromagnetic (MTEM) measurements on or near the earth’s 
surface using at least one source, receiving means for 
measuring the system response and at least one receiver for 
measuring the resultant earth response. All signals from the 
or each source-receiver pair are processed to recover the 
corresponding electromagnetic impulse response of the 
earth and such impulse responses, or any transformation of 
such impulse responses, are displayed to create a subsurface 
representation of resistivity contrasts. The invention enables 
subsurface ?uid deposits to be located and identi?ed and the 
movement of such ?uids to be monitored. 
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DETECTION OF SUBSURFACE RESISTIVITY 
CONTRASTS WITH APPLICATION TO LOCATION 

OF FLUIDS 

PRIORITY APPLICATION 

[0001] The present application is a continuation of co 
pending US. patent application Ser. No. 10/482,554 ?led 
Jun. 17, 2004, Which is a 371 ?ling of International Patent 
Application No. PCT/GB02/04121, Which Was ?led on Sep. 
9, 2002, Which claims priority to UK. Patent Application 
No. 01217199, Which Was ?led on Sep. 7, 2001. Each of the 
foregoing applications is hereby incorporated by reference. 

TECHNICAL FIELD 

[0002] This invention relates to a method of mapping 
subsurface resistivity contrasts. The method enables the 
detection and location of subsurface resistivity contrasts, 
Which, in turn, enables the discrimination betWeen, for 
example, Water (brine or fresh Water), Which is conductive, 
and hydrocarbons (gas or oil), Which are resistive. 

[0003] Porous rocks are saturated With ?uids. The ?uids 
may be Water (brine or fresh Water), or hydrocarbons (gas or 
oil). The resistivity of rocks saturated With hydrocarbons is 
often orders of magnitude greater than the resistivity of 
rocks saturated With water (eg 1,000 Qm for hydrocarbons 
vs. 1 Qm for Water). That is, hydrocarbons are resistive and 
Water is conductive. If a potentially hydrocarbon-bearing 
subsurface geological structure has been discovered, for 
instance by seismic exploration, it is important to knoW, 
before drilling, Whether it is resistive (hydrocarbons), or 
conductive (Water). Electromagnetic methods have the 
potential to make this discrimination and thereby reduce the 
risk of drilling dry holes. 

[0004] HoWever, despite decades of research and devel 
opment in this ?eld, there is still no routine procedure for 
acquiring and processing electromagnetic data to make this 
distinction and to recover subsurface maps representing 
resistivity variations. 

BACKGROUND ART 

[0005] The knoWn prior art can be summarised in the 
folloWing papers Which are discussed more fully beloW. 

[0006] [1] McNeill, J. D., 1999, Principles and appli 
cation of time domain electromagnetic techniques 
for resistivity sounding, Technical Note TN-27, 
Geonics Ltd. 

[0007] [2] Zhdanov, M. S., and Keller, G. V., 1994, 
The geoelectrical methods in geophysical explora 
tion: Elsevier 

[0008] [3] Eaton, P. A., and Hohmann, G. W., 1989, 
Arapid inversion technique for transient electromag 
netic soundings: Physics of the Earth and Planetary 
Interiors, 53, 384-404. 

[0009] [4] Strack. K-M, 1992, Exploration With deep 
transient electromagnetics: Elsevier 

[0010] [5] Christensen, N. B., 2002, A generic 1-D 
imaging method for transient electromagnetic data: 
Geophysics, 67, 438-447. 
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[0011] [6] Strack, K-M., 1985, Das Transient-Elek 
tromagnetische Tiefensondierungsverfahren 
angeWandt auf die KohlenWasserstoff- und Geother 
mie-Exploration, in: Ebel, A., Neubauer, F. M., 
Raschke, E., and Speth, P., (Hrsg.), Mitteilungen aus 
dem Institut fiir Geophysik und Meteorologie der 
Universitat Zu Koln 42. 

[0012] [7] Cheesman, S. J ., EdWards, R. N., and LaW, 
L. K., 1990, A test of a short-base-line sea-?oor 
transient electromagnetic system: Geophysical Jour 
nal International, 103, 2, 431-437. 

[0013] [8] Cairns, G. W., Evans, R. L. & EdWards, R. 
N., 1996. A time domain electromagnetic survey of 
the TAG hydrothermal mound, Geophys. Res. Lett., 
23, 3455-3458. 

[0014] [9] Cheesman, S. J., EdWards, R. N., and 
Chave, A. D., 1987, On the theory of sea-?oor 
conductivity mapping using transient electromag 
netic systems: Geophysics, 52, 204-217. 

[0015] [10] Yu, L., Evans, R. L., and EdWards, R. N., 
1997, Transient electromagnetic responses in seaf 
loor With triaxial anisotropy: Geophysical Journal 
International, 129, 300-306. 

[0016] [11] Eidesmo, T., Ellingsrud, S., MacGregor, 
L. M., and Constable, S., Sinha, M. C., Johansen, S., 
Kong, F. N., and Westerdahl, H., 2002, Sea Bed 
Logging (SBL), a neW method for remote and direct 
identi?cation of hydrocarbon ?lled layers in deep 
Water areas: First Break, 20, 144-152. 

[0017] [12] MacGregor, L. M., Constable, S., and 
Sinha, M. C., 1998, The RAMESSES experiment 
III. Controlled-source electromagnetic sounding of 
the Reykj anes Ridge at 57 45N: Geophysical Journal 
International, 135, 773-789. 

[0018] [13] MacGregor, L. M., Sinha, M. C., and 
Constable, S., 2001, Electrical resistivity structure of 
the Valu Fa Ridge, Lau basin, from marine controlled 
source electromagnetic sounding Geophys. J. Int., 
146, 217-236. 

[0019] [14] ZiolkoWski, A., Hobbs, B. A., Andrieux, 
P., Ruter, H., Neubauer, F., and Hordt, A., 1998. 
Delineation and monitoring of reservoirs using seis 
mic and electromagnetic methods: Project Number 
OG/0305/92/NL-UK, Final Technical Report to 
European Commission, May 1998. 

[0020] [15] Wright, D. A., ZiolkoWski, A., and 
Hobbs, B. A., 2001, Hydrocarbon detection With a 
multi-channel transient electromagnetic survey: 
Expanded Abstracts 71 st SEG Meeting, 9-14 Sep 
tember, San Antonio, p 1435-1438. 

[0021] Conventionally time domain electromagnetic 
investigations use a transmitter and a receiver, or a trans 
mitter and a number of receivers. The transmitter may be a 
grounded bipole (electric source) or a Wire loop or multi 
loop (magnetic source) and the receiver or receivers may be 
grounded bipoles (electric receivers—recording potential 
differences or electric ?elds) or Wire loops or multi-loops or 
magnetometers (magnetic receivers—recording magnetic 
?elds and/or time derivatives of magnetic ?elds). The trans 
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mitted signal is usually formed by a step change in current 
in either an electric source or in a magnetic source. 

[0022] Known prior developments include (1) a method 
ology frequently termed TDEM and often taken to imply a 
magnetic source and a magnetic receiver, (2) the Long Offset 
Time-Domain Electromagnetic Method (LOTEM) devel 
oped for land surveys, (3) time domain electromagnetics in 
the marine environment (University of Toronto/Scripps 
Institution of Oceanography), (4) Sea Bed Logging (SBL) 
using single frequency electromagnetic measurements in the 
marine environment (Scripps Institution/Southampton 
Oceanography Centre/Electromagnetic Geophysical Ser 
vices Ltd.), and (5) our oWn previous Work on multi-channel 
transient electromagnetic (MTEM) measurements made in 
collaboration With the University of Cologne, Deutsch Mon 
tan Technologie, and Compagnie Générale de Géophysique. 
These knoWn developments are discussed more fully beloW. 

[0023] (1) The TDEM method is exempli?ed by 
commercial equipment such as PROTEM from 
Geonics Ltd., SMARTem from ElectroMagnetic 
Imaging Technology Pty Ltd (EMIT), UTEM from 
the University of Toronto and PATEM, a pulled 
array from the University of Aarhus. These systems 
use magnetic sources and magnetic receivers in 
central loop, coincident loop, offset loop, or borehole 
con?gurations and as a consequence delineate con 
ductive rather than resistive targets. They measure 
voltage induced in the receiver coil at a number of 
times (referred to as gates) after the transmitter 
current has been sWitched off A decay curve is 
then formed Which is modelled either directly or 
through the use of various apparent resistivity mea 
sures such as early time and late time apparent 
resistivity [2], or imaged using a rapid inversion 
scheme The modelling approach uses a small 
number of parameters and makes assumptions about 
the turn-off characteristics of the source, for example 
that it is a perfect step function or a perfect ramp. 
TDEM methods all fail to recognise the importance 
of measuring the system response and instead put 
much effort into generating a transient signal With as 
small a turn-off time or ramp turn-off time as pos 
sible. The systems and associated softWare do not 
determine the earth’s response function as de?ned in 
the present invention. 

[0024] (2) The LOTEM method (Whose principal 
researchers are VoZoff, Strack and Hordt), and a 
similar system developed at the Colorado School of 
Mines, uses a large dimension electric source, typi 
cally 1-2 km long With electric and magnetic receiv 
ers placed several kilometres from the source. It is 
designed for land surveys. Decay curves measured 
by the receivers may be converted to various appar 
ent resistivity curves. The decay or resistivity curves 
are modelled using a small number of parameters 
taken to represent sub-surface conditions beneath the 
receivers only. The collation of transformed curves 
from adjacent receivers forms an image representa 
tion. 

[0025] The method includes consideration of a 
measurement of the system response. It is recom 
mended ([4], p 154) that this be performed either in 
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the laboratory, or in the ?eld at the beginning of the 
survey. LOTEM de?nes the system response as the 
response due to a delta-function input, Which, it is 
admitted ([4], p 49), cannot be achieved in practice. 
Instead, a square Wave is input and the resulting 
output differentiated. In reality it is not possible to 
input an exact square Wave either. Usually only one 
system response is obtained, determined as the aver 
age of a statistical representative number of trans 
mitted pulses ([4], p 68). An assumption is made that 
sWitching characteristics do not vary under load ([4], 
p 155). 

[0026] Most interpretation methods in the litera 
ture are based on a knoWledge of the step response. 
This is impossible to obtain Without a deconvolution 
of the measured data Which is stated to be inherently 
unstable LOTEM recommends that either appar 
ent resistivity curves are obtained after time-domain 
deconvolution using an iterative scheme [6] or that 
synthetic data from modelling is convolved With the 
system response before comparison With the mea 
sured data. Arule of thumb is that this should be done 
When the length of the system response is more than 
one third of the length of the transient ([4], p 52). 

[0027] The LOTEM method fails to recognise the 
importance of measuring the system response for 
each source transient in the ?eld, and fails to recog 
nise that the decay curves are a function of all the 
intervening material betWeen the source and corre 
sponding receiver Where the induced currents ?oW. 

[0028] (3) The University of Toronto sea-?oor EM 
mapping systems (principal researchers: EdWards, 
Yu, Cox, Chave and Cheesman), consist of a number 
of con?gurations including a stationary electric 
receiver on the sea ?oor and a toWed electric trans 
mitter, and a magnetic source and several collinear 
magnetic receivers forming an array Which is toWed 
along the sea-?oor. In early experiments, the system 
response Was measured in free space and Was con 
volved With the theoretical impulse response of a 
simple model of the sea-Water and underlying earth 
in order to model the measured data In later 
experiments, for the case of an electric source, the 
measured current input to the transmitter is con 
volved With the impulse response of the receiver, 
again measured in free space, and then With the 
impulse response of a model to give a synthetic 
signal for comparison to that measured No 
receivers are placed near the transmitter to determine 
the system response under load. 

[0029] The group have developed an extensive 
library of analytic solutions and recursive numerical 
schemes for the response of simple geological mod 
els to a step change source. The models invariably 
have a small number of parameters and interpreta 
tions of measured decay curves are based on this 
modelling approach [9], [10]. 

[0030] Their technique fails to recognise the 
importance of measuring the system response for 
each source transient and using this to deconvolve 
the measured transients to obtain the estimated earth 
impulse response functions. 
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[0031] (4) Sea Bed Logging (SBL) is a realisation of 
the CSEM (controlled source electromagnetic) 
method and has been developed by Electromagnetic 
Geoservices Ltd (EMGS), a subsidiary of Statoil, in 
conjunction With the University of Cambridge, Uni 
versity of Southampton, and Scripps Institution of 
Oceanography [11]. It comprises a number of 
autonomous tWo-component electric receivers in 
static positions on the sea ?oor and an electric source 
toWed approximately 50 m above the sea ?oor. The 
receivers remain in their positions on the sea ?oor 
recording continuously until instructed to pop up for 
recovery at the sea surface at the end of the survey. 
The source (DASI—deep-toWed active source 
instrument) is a 100 m long horiZontal electric bipole 
[12]. Electrodes spaced along the source bipole are 
used to monitor the transmitted ?elds. These enable 
the receiver data to be normalised by the source 
bipole moment for comparison With modelling 
results [13]. Unlike the above transient systems, in 
the SBL technique the source transmits at only one 
frequency Which the operators optimise to the target 
under investigation [11]. The method relies on the 
toWed movable source creating data for several 
source-receiver separations and these data are inter 
preted by modelling. The method does not involve a 
transient source and takes no account of the system 
response. 

[0032] (5) The University of Edinburgh, the Univer 
sity of Cologne, Deutsch Montan Technologie, and 
Compagnie Générale de Géophysique collaborated 
Within the European Commission THERMIE Project 
OG/0305/92/NL-UK (Which ran from 1992 to 1998) 
to obtain multi-channel transient electromagnetic 
(MTEM) data in 1994 and 1996 over a gas storage 
reservoir at St. Illiers la Ville in France. The experi 
ment is described in detail in the Final Technical 
Report to the European Commission, entitled 
“Delineation and Monitoring of Oil Reservoirs using 
Seismic and Electromagnetic Methods”[14]. The 
project had tWo objectives: ?rst, to develop a method 
to detect hydrocarbons directly; and second, to moni 
tor the movement of hydrocarbons in a knoWn res 
ervoir. Neither of these objectives Was achieved. 

[0033] ZiolkoWski et al. [14] and even Wright et al. 
[15] failed to recognise the importance of measuring 
the system response for each source transient. 

DISCLOSURE OF THE INVENTION 

[0034] The present invention seeks to provide a routine 
procedure for acquiring and processing electromagnetic data 
to enable the mapping of subsurface resistivity contrasts. 

[0035] According to the present invention there is pro 
vided a method of mapping subsurface resistivity contrasts 
comprising making multichannel transient electromagnetic 
(MTEM) measurements using at least one source, receiving 
means for measuring system response and at least one 
receiver for measuring the resultant earth response, process 
ing all signals from the or each sourcc-rcccivcr pair to 
recover the corresponding electromagnetic impulse response 
of the earth, and displaying such impulse responses, or any 
transformation of such impulse responses, to create a sub 
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surface representation of resistivity contrasts. The locations 
of the resistivity contrasts can be determined from the 
source-receiver con?guration, and electromagnetic propaga 
tion both above and beloW the receivers. 

[0036] The method enables the detection and location of 
subsurface resistivity contrasts. For eXample, the method 
enables discrimination betWeen Water (brine or fresh Water), 
Which is conductive and hydrocarbons (gas or oil), Which are 
resistive. The method also enables the movement of such 
?uids to be monitored. The method may also be used to ?nd 
underground aquifers. 

BRIEF DESCRIPTION OF DRAWINGS 

[0037] Embodiments of the invention Will noW be 
described, by Way of eXample only, With particular reference 
to the accompanying draWings, in Which: 

[0038] FIG. 1 is a typical layout shoWing locations of an 
electromagnetic source and electromagnetic receivers for 
performing a method according to the invention of mapping 
resistivity contrasts; 

[0039] FIGS. 2a-c are schematic diagrams shoWing a 
source current Waveform and resulting transient responses; 

[0040] FIG. 3 is a schematic cross-section of the earth 
beneath St Illiers la Ville, France, and illustrating gas 
trapped above Water in a porous sandstone anticline; 

[0041] FIG. 4 is a schematic plan of a typical arrangement 
of sources and receivers of a multichannel transient electro 
magnetic measurement system over a subsurface volume of 
gas used for performing a method according to the present 
invention; 
[0042] FIG. 5 shoWs the electric potential difference 
betWeen tWo electrodes a feW cm apart and a feW cm from 

a 250 m long current bipole source; 

[0043] FIG. 6 shoWs normalised system responses for 8 A, 
16 A and 32 A source currents shoWing the non-linearity of 
the system response With current; 

[0044] FIG. 7 is a typical in-line gradient of the electric 
potential response to a step in current at the source; 

[0045] FIG. 8 shoWs a single approximate earth impulse 
response for a source-receiver separation of 1 km; 

[0046] FIG. 9 shoWs a 1 km common-offset section of the 
derivative of the approXimate earth response for data relat 
ing to measurements at the site shoWn in FIG. 3 taken in 
1994; 
[0047] FIG. 10 shoWs a 1 km common-offset section of 
the derivative of the approXimate earth response for data 
relating to measurements at the site shoWn in FIG. 3 taken 
in 1996; and 

[0048] FIG. 11 shoWs a common-offset section of the 
1996 earth impulse responses subtracted from the 1994 earth 
impulse responses, With 1 km offset. 

MODES FOR CARRYING OUT THE 
INVENTION 

[0049] Multichannel Transient ElectroMagnetic (MTEM) 
data can be acquired in a number of different Ways. By Way 
of eXample only, there is described beloW elements of the 
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data acquisition system, as used in the THERMIE project 
OG/0305/92/NL-UK, and as described in [14] above. FIG. 
1 shoWs a typical con?guration of a source and a line of 
receivers. The source is a current in a Wire grounded at each 
end; in this case the tWo ends are 250 m apart. The receivers 
are represented as boxes in FIG. 1, each With tWo channels, 
and are spread out over a line 2 km long, Which, in this case, 
is in line With the source. The receivers measure tWo kinds 
of electromagnetic response: potential differences, and the 
rate of change of the magnetic ?eld. Potential differences are 
measured betWeen tWo grounded electrodes, typically 125 m 
apart, While the rate of change of the magnetic ?eld is 
measured With loops of Wire, typically 50 m by 50 m square 
loops With many turns. FIG. 1 shoWs thirty-tWo receivers: 
siXteen in-line potential difference receivers, eight cross-line 
potential difference receivers, and eight loops measuring the 
rate of change of the magnetic ?eld. The loops alternate 
doWn the line With the cross-line receivers. (This con?gu 
ration Was the result of constraints imposed by the limited 
number of tWo-channel recording boXes and the distance 
over Which signals could be transmitted from these units to 
the data storage disk on the computer.) The source can be 
positioned outside or Within the receiver spread and, in 
practice, the source or the receiver spread, or both, can be 
moved, depending on the application. The recorded transient 
responses from the receivers are suitably doWnloaded to the 
hard disk, or other storage medium, of a computer. 

[0050] Choosing X as the in-line coordinate, y as the 
cross-line coordinate, and Z as the vertical coordinate a 
notation for the measurements is developed. A receiver 
position can be denoted XI=(XI,yr,Zr), and a source position 
can be denoted XS=(XS,yS,ZS). 

[0051] FIG. 2 shoWs schematically the relationship 
betWeen the current input (shoWn here as an instantaneous 
change in polarity) and the eXpected response. EX is the 
potential difference in the in-line or X-direction, and 

[0052] is the rate of change of the vertical component of 
the magnetic ?eld, measured With a horiZontal loop. From 
FIG. 2 it can be seen that these responses vary With time 
after the current polarity is reversed at the source. In practice 
each of these quantities varies With the source position and 
the receiver position. 

[0053] The key to the solution of the problem is the 
recovery of the impulse response of the earth. The con?gu 
ration consists of an electromagnetic source, for instance a 
current bipole or a magnetic bipole at a location X5, and a 
receiver, for instance tWo potential electrodes or a magnetic 
loop at a location XI. The measurement of the response can 
be described as 

ak(xsr xv t)=sk(xsr xv t)*g(xsr xv t)+nk(xn t) (1) 

[0054] and it may be repeated many times. In this equation 
the asterisk * denotes convolution, and the subscript k 
indicates that this is the kth measurement in a suite of 
measurements for a given source-receiver pair; Sk(XS,Xr,I) is 
knoWn as the system response and may in principle be 
different for each measurement; g(XS,XI,I) is the impulse 
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response of the earth and is ?Xed for any source-receiver 
pair, and nkk(XI,t) is uncorrelated electromagnetic noise at 
the receiver and varies from measurement to measurement. 
This equation must be solved for the impulse response of the 
earth g(XS,Xr,I). To do this, the system response Sk(XS,Xr,I) 
must be knoWn. 

[0055] In the acquisition and processing of the data to 
recover the impulse response of the earth, there are three 
steps Which are discussed in further detail beloW. These step 
are: 

[0056] 1. measurement of the system response for 
each source-receiver pair and in principle for each 
transient; 

[0057] 2. deconvolution of the measured signal for 
the measured system response to recover an esti 
mated impulse response of the earth for each source 
receiver pair and in principle for each transient; and 

[0058] 3. stacking of these estimated impulse 
responses to improve the signal-to-noise ratio and 
obtain an improved estimate of the earth impulse 
response for each source-receiver pair. 

[0059] These steps are noW described. 

[0060] 1. Measurement of the System Response 

[0061] The system response Sk(XS,Xr,I) should be deter 
mined by measurement in the ?eld. This depends on the 
source position X5 and the position XI of the receiver and may 
also depend on the number k of the transient in the sequence, 
particularly if there are synchronisation problems. There are 
several Ways in Which the system response can be measured. 
In the case of the current bipole source shoWn in FIG. 1, the 
measurement of the system response for the electric ?eld 
could be made With tWo electrodes placed very close (of the 
order of a feW cm) to the source, With the knoWn distance 
betWeen them very small (of the order of a feW cm), to avoid 
generating voltages that are too large. For the magnetic ?eld 
system response, a small horiZontal loop could be placed 
close (of the order of a feW cm) to the source. Another 
possibility is to measure the input current directly. The 
recording system used to measure the system response 
should, preferably, have the same characteristics as the 
system used to record the measurement ak(XS,Xr,I) described 
by equation (1) and, if the recording is digital, it should be 
unaliased. If the recording systems are not identical, the 
transfer function betWeen the tWo must be knoWn, so that 
differences can be eliminated. This is seen as folloWs. 

[0062] The recording instrument used to measure the 
system response at the source has an impulse response 
r(XS,t), Which must be knoWn, While the recording instru 
ment used to make the measurement ak(XS,XI,I) at the 
receiver has a response I‘(XI,I), Which must also be knoWn. 
Then the response I‘(Xr,t) can be related to the response r(XS,t) 
by the equation, 

r xv t)=r(xn ty?xn xv t): (2) 

[0063] in Which the asterisk * represents convolution, and 
f(XS,XI,I) is the Fourier transform of the transfer function 
relating the tWo responses. If the time function of the input 
signal at the source is hk(XS,t), then the system response 
required to solve equation (1) is 
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[0064] The system response measured With the receiving 
means and recording system at the source Will be 

[0065] The system response required to solve equation (1) 
is obtained from equations (2), (3) and (4) as 

Sk(xs1 x11 t)=5k(xs: x5’ t)*f(xs’ x11 0- (5) 

[0066] 2. Deconvolution 

[0067] The earth impulse response g(xr,xr,t) can be esti 
mated, With noise, from equation (1) by deconvolution, 
given the knoWn impulse response sk(xs,xr,t). That is, an 
estimate gk(xs,xr,t) of the earth impulse response is obtained 
by deconvolution of equation For example, gk(xs,xr,t) 
may be obtained as the least-squares Wiener ?lter that, When 
convolved With the knoWn function sk(xs,xr,t), gives the 
knoWn function ak(xs,xr,t). Any uncertainties in the time 
origin of the response are resolved automatically by this 
deconvolution step, provided the system response sk(xs,xr,t) 
and the measurement ak(xs,xr,t) are properly synchronised. 
Synchronisation is important because the time parameter t 
has the same origin in all the four functions (ak(xs,xr,t), 
sk(xs,xr,t), g(xs,xr,t), and nk(xr,t)) of equation 

[0068] 3. Stacking 

[0069] To improve the signal-to-noise ratio, using a suite 
of measurements in Which k varies from 1 to n, say, a better 
estimate of g(xs,xr,t) may be made by stacking. That is, the 
improved estimate is 

1 " (6) 

m. X. r) = 22 9k (16.. X. 1) 
k:l 

[0070] Subsequent processing of the estimated impulse 
responses g(xs,xr,t) and display of the results for different 
source-receiver pairs can use many of the methods com 
monly used for seismic exploration data. 

[0071] If the system response sk(xs,xr,t) is identical for all 
n measurements made for the given source-receiver pair, the 
stacking can be done ?rst and the deconvolution afterWards. 

[0072] The impulse response of the earth g(xs,xr,t) is 
typically only a feW milliseconds, or tens of milliseconds, in 
duration. Therefore, in principle, thousands of repeat mea 
surements of the response may be made in a feW minutes. 

[0073] The invention is illustrated in the folloWing non 
limitative example. 

[0074] Within the European Commission THERMIE 
Project OG/0305/92/NL-UK [14], MTEM data sets Were 
obtained in 1994 and 1996 over a gas storage reservoir at St. 
Illiers la Ville in France. FIG. 3 shoWs a schematic section 
through the underground gas storage reservoir and shoWs the 
reservoir and monitoring Wells. FIG. 4 shoWs a plan of the 
MTEM pro?le in relation to the edge of the underground 
“gas bubble”. The equipment that Was used to record the 
responses ak(xs,xr,t) consisted of sixteen tWo-channel 
TEAMEx boxes manufactured by Deutsch Montan Tech 
nologie. At the time the data Were acquired it Was not 
recognised that it Was necessary to record the system 
response for each source-receiver pair. In fact, With this 
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equipment, it Would have been impossible to measure the 
system response properly, because the loW-pass ?lters Were 
insufficient to prevent aliasing of the data at the 1 ms sample 
interval used in recording. 

[0075] The source input to the ground Was essentially a 
change in polarity of a current of approximately 30 amperes, 
produced by a generator and Zonge transmitter in a Wire 250 
m long, grounded at each end. In fact, the source time 
function Was not a perfect step, and there Were small 
oscillations that could be seen on the feW aliased measure 
ments of the system response that Were made in 1996. One 
of these can be seen in FIG. 5. It Was noticed that the system 
oscillations varied With the current level, Which varied With 
the source position. FIG. 6 shoWs a magni?cation of the 
measured system response for three different current levels, 
normalised to the maximum value. It can be seen that the 
oscillations differ With current level. In other Words, With 
hindsight, We see that the system response Was, in principle, 
different for every source-receiver pair, and ought to have 
been measured. In fact, We could not have made this 
measurement With the available equipment. 

[0076] A typical measurement ak(xs,xr,t) is shoWn in FIG. 
7. 

[0077] The deconvolution step 2 is impossible to apply to 
these data because the system response for each source 
receiver pair Was not measured (step 1). To create an 
approximate estimate of the impulse response function We 
argue that the response ak(xs,xr,t) is approximately the 
response to a step: 

akbfg xv l)=H(l)*g(Xg XI, I), (7) 

[0078] in Which H(t) is the Heaviside, or step function. 
This approximation ignores the oscillations observed in the 
system responses shoWn in FIG. 6. Differentiating both 
sides of equation (7) yields 

z m. xr. 1) 

[0079] That is, the derivative of the measured response is 
approximately equal to the impulse response of the earth. 
These estimated impulse responses had synchronisation 
errors of the order of :3 ms. These errors Were a fault of the 
data acquisition system, but Would have been eliminated if 
We had been able to measure the system response, as noted 
above. In fact, the timing errors can be estimated because the 
estimated impulse response has a very sharp peak at the 
beginning, Which should arrive at the same time for all 
responses for the same source-receiver pair. _FIG. 8 shoWs 
an estimate of the earth impulse response g(xr,xr,t), after 
stacking the time-corrected earth impulse responses for one 
source-receiver pair. 

[0080] FIG. 9 shoWs a common-offset section of the time 
derivative of estimated earth impulse responses for the 1994 
data, in Which the source-receiver distance is ?xed, the 
horiZontal scale is the position of the mid-point betWeen 
source and receiver, and the vertical scale is time. The effect 
of the increased resistivity over the gas-?lled reservoir can 
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clearly be seen. FIG. 10 shows the corresponding section for 
the 1996 data. Again, the effect of the resistive gas-?lled 
reservoir can clearly be seen. There Was a slight movement 
of the gas-Water content betWeen October 1994, When the 
reservoir Was full, and August 1996, When it Was less full. 
Subtracting the 1996 earth impulse responses from the 1994 
earth impulse responses yields the difference in response, 
and shoWs hoW the rock resistivity is changed by the change 
in ?uid content. FIG. 11 shoWs a common-offset section of 
these differences, and clearly shoWs that there Was more gas 
in the steeply-dipping southern part of the reservoir in 1994. 

[0081] With this approximate analysis We have shoWn that 
it is possible (1) to detect and locate the presence of 
hydrocarbons With the MTEM method, and (2) to monitor 
the movement of the ?uids in the reservoir. Given all the 
approximations that Were made to obtain this result, it is 
clear that much better results Would be obtained using the 
method of data acquisition and processing of the present 
invention. 

[0082] The data should preferably be digitally recorded 
and processed in a computer either in real time or subse 
quently to create a subsurface representation of resistivity 
contrasts. 

[0083] The MTEM measurements are made on or near the 
earth’s surface Which includes the sea ?oor. In the case of 
measurements at or near the sea ?oor, measurements may be 
made in the sea close to the actual seabed in vieW of the 
conductive nature of the seaWater. 

[0084] It Will be appreciated from the above description 
that one aspect of the invention is the measurement and 
deconvolution of the system response sk(xs,xr,t), including 
source-receiver synchronisation, for every measured tran 
sient response ak(xs,xr,t), as de?ned in equation This 
includes any approximation to this, such as is described 
above With reference to previously obtained data, in Which 
there Was an approximation of the deconvolution by differ 
entiation of ak(xs,xr,t), the synchronisation errors found 
being subsequently corrected. 

[0085] The invention also relates to apparatus for mapping 
subsurface resistivity contrasts and to a system for mapping 
subsurface resistivity contrasts. 

INDUSTRIAL APPLICABILITY 

[0086] The invention ?nds application in locating and 
identifying underground deposits of ?uids, such as hydro 
carbons and Water. 

1. A method of mapping subsurface resistivity contrasts 
comprising making multichannel transient electromagnetic 
(MTEM) measurements using at least one source, and at 
least one receiver for measuring the resultant earth response, 
measuring the system response for the or each source 
receiver pair and for each transient; deconvolution of the 
measured signal for the measured system response from the 
or each source-receiver pair to recover the corresponding 
electromagnetic impulse response of the earth, and display 
ing such impulse responses, or any transformation of such 
impulse responses, to create a subsurface representation of 
resistivity contrasts. 
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2. A method according to claim 1, Wherein the impulse 
response of the earth is obtained from the equation 

Where k indicates the kth measurement in a suite of 
measurements for a given source-receiver pair, ak(xs, 
xr,t) is the measured transient response for a given 
source-receiver pair of said MTEM measurements, * 
denotes convolution, sk(xs,xr,t) is the system response, 
g(xr,xr,t) is the impulse response of the earth for a given 
source-receiver pair, and nk(xr,t) is uncorrelated elec 
tromagnetic noise at the receiver. 

3. A method according to claim 2, Wherein said source 
comprises a current in a Wire grounded at each end, and the 
receiver comprises a device for measuring the potential 
difference betWeen tWo grounded electrodes. 

4. A method according to claim 2, Wherein said source 
comprises a current in a Wire grounded at each end, and the 
receiver comprises a device for measuring the current 
induced in at least one horiZontal loop. 

5. A method according to claim 2, Wherein said source 
comprises at least one current loop and the receiver com 
prises a device for measuring the potential difference 
betWeen tWo grounded electrodes. 

6. A method according to claim 2, Wherein said source 
comprises at least one current loop and the receiver com 
prises a device for measuring the current induced in at least 
one receiver loop. 

7. A method according to claim 2, Wherein said source 
comprises a current in a Wire grounded at each end and the 
system response in measured With a device, for example a 
current meter for measuring the current in the Wire. 

8. A method according to claim 2, Wherein said source 
comprises at least one current loop and the system response 
is measured With a device, for example a current meter for 
measuring the current in the loop. 

9. A method according to claim 2, Wherein the recording 
system used to measure the system response has the same 
characteristics as the system used to record the measurement 

ak(xs,xr,t). 
10. Amethod according to claim 2, Wherein the recording 

system used to measure the system response has different 
characteristics from the recording system used to record the 
measurement ak(xs,xr,t) and Wherein these differences are 
eliminated using the Fourier transform of the transfer func 
tion betWeen the tWo recording systems. 

11. Amethod according to claim 2, Wherein an estimate of 
the earth impulse response With noise is obtained by decon 
volution of the said equation. 

12. Amethod according to claim 2, Wherein the transients 
are stacked and an estimate of the earth impulse response is 
obtained by deconvolution of the system response. 

13. Amethod according to claim 11, Wherein said estimate 
of the earth impulse response is improved by stacking the 
estimated impulse responses. 

14. Amethod according to claim 2, Wherein the measured 
system response and corresponding measured transient are 
synchronised. 

15. A method according to claim 2, Wherein any different 
time origin betWeen the measured system response and 
corresponding measured transient is measured and compen 
sated for. 

16. A method according to claim 1, Wherein the MTEM 
measurements are made on the earth’s surface. 
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17. A method according to claim 1, wherein the MTEM 
measurements are made at or near a sea ?oor of the earth’s 

surface. 
18. A method according to claim 1, Wherein the system 

response is approximately a step and an approximation to 
the deconvolution is made by differentiation. 

19. Apparatus for mapping subsurface resistivity contrasts 
comprising a multichannel transient electromagnetic 
(MTEM) measuring device comprising at least one source, 
and at least one receiver for measuring the resultant earth 
response, a system response measuring device for measuring 

Oct. 27, 2005 

the system response for the or each source-receiver pair and 
for each transient and a processor for deconvolution of the 
measured signal for the measured system response from the 
or each source-receiver pair to recover the corresponding 
electromagnetic impulse response of the earth, and a display 
for displaying such impulse responses, or any transforma 
tion of such impulse responses, to create a subsurface 
representation of resistivity contrasts. 


