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Enhanced oil recovery challenged by the 
knowledge of the oil/water front 

•  Limited geophysical techniques have been used for this application. 

•  Changes of the physical characteristics of the reservoir during production can be imaged by 
geophysical measurements taken at different times, also called 4D Geophysics. 

•  One of the biggest advantages of the usage of Geophysics for this purpose is the imaging of 
the reservoir away from the wellbore, improving the lateral continuity of the reservoir models. 

•  Seismic reflection methods have been used for this purpose with mixed results. 

•  Reservoirs under water flood or steam injection are particularly adequate to be monitored by 
Electromagnetic Methods.  
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EM Methods offer several advantages over other 
geophysical techniques 

	
•  Very sensitive to temperature changes. For a temperature change of 100 °C 

resistivity changes of 150% and P-wave velocity of 33%. 
•  Allows the tracking of the steam injection away from the injection wells. 
•  Several times less expensive than seismic techniques. 
•  Faster data acquisition and processing. 
•  Shallow reservoirs allow higher frequency content. 
•  Possibility of tailoring the techniques to the target by choosing the right method. 
•  Fast field deployment. 
•  These techniques can be used with different geometries: from the ground surface, 

downhole, in a surface-to-borehole array or in borehole-to-surface array. 
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Reservoir Seal Integrity 
	
•  Seal integrity can be an issue for shallow reservoirs submitted to steam injection. 

•  The injection of steam produces an increase in the original pressure of the reservoir 
creating potential problems to the integrity of the cap-rock.  

•  The production of fractures produces small amounts of seismic energy measurable 
with micro-seismic sensors. 
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Electromagnetic Hardware 
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Shallow borehole tool 

© 2009 - 2016 KMS Technologies >	15		years	of	excellence	in	electromagnetic	R&D																																									 18

Borehole	 site

fluxgate	magnetometer

3C	geophone	 chamber	 w/gimbal	 and	
silicone	 oil

Lower	 non-conductive	 housing

30	m		Ez

Electrode	 band	 - stainless	 steel

Electrode	 band	 - stainless	 steel

Electrode	 extension	 cable

KMS-820	 #1

Strength	member

Geophone	 cable

KMS	digital	cable	
(1	 x	10	wires)

Plastic	casing

FG	Board	

Magnetometer	

{ 3C	Gimbal			
assembly	

Geophone	Sub	
(Silicone	Oil	Filled)	

Geophone	Cables	
Duct	

Ø Monitoring: larger anomalies with shallow boreholes 



Slide	8	

SPE-184089-MS • Integrated Geophysical Reservoir Monitoring for Heavy Oil  •  Dr. Herminio Passalacqua 

Field Setup 

Survey layout Tx#length#500#m#
Crossed#dipoles#

Rx#reference#1#
Offset=#1;3#*#depth;to;target#

Tx2#transmi@er#Tx3#transmi@er#

Site KMS 
instrument Ex & Ey Hz 3C fluxgate 

H
3C 

geophone

Shallow 
borehole 

tool

820 x x x x x

831 x x

E – electric field sensors
        H – magnetic field sensors	

Microseismic sensors
	

Shallow	Borehole	Tool	–	KMS-888	includes	3C	
seismic,	3C	magneAc	&	3C	electric	sensors	
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receivers 
transmitter 

high frequency 

low frequency 

late time range 

early time range 

TIME DOMAIN 

FREQUENCY	DOMAIN	
	
									

IntegraAon	volumes	

FREQENCY DOMAIN 

FOCUSED SOURCE EM 

     FSEM: Focused source solution to volume imaging 
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DC 
 
 
0.1   Hz 
0.25 Hz 
1      Hz 

0 
1 s. 
2 s. 
4 s. 
8 s. 
 

Anomaly: 40% - 10% 

Focused Source EM 

Anomaly: 200% - 40% 

Time domain CSEM  Frequency	domain	CSEM	

Focused Source  versus CSEM 

Ø  Smaller reservoir can be 
detected 

Ø  Higher spatial resolution 
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Reservoir Monitoring: Problem to Implementation 
Workflow	
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Feasibility workflow for reservoir monitoring	
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3D reservoir: relative difference	
Tx	

Rx	
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Transients with expected noise levels	

10	-1	 10	0	 10	1	
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Block 34, sigma 2 S/m	

Tx	
Rx	Horizon 3 & 4 

size 6000 m x 4500 m 

whole block 

TEM	coil	1	kHz	

TEM	coil		
40	Hz	sampling	

Tx	-current:	

300	A	
2x	longer	than	200	m	
2x	switch	step	over	

=	1200	A	

KMS	air	loop	at	Hockley	
sampling	40	Hz	
#stacks	880,	18	h	recording	Ame	

KMS	air	loop																	
sampling	1	kHz	at														Hockley	
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Fluid Substitution Model	
Flooded	area	top	view:	square	500x500	m	

Flooded	area	verLcal	cross-secLon	

Tx	 Receivers	

•  Receivers:	250	to	2000	m	from	Tx	center	
•  Ex,	Ez,	dBy/dt	
•  (Other	components	=	0	due	to	the		medium	&	setup	symmetry)	

R	=	2	

																					R	=	60	
																					R	=	20	
R	=	2												R	=	4	
	
																					R	=	1.5	

Oil-saturated	rocks		
(R	=	4,	green)	subsAtuted	
with	water-saturated	rocks	
(R=2,	blue)	
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Electric field Ex (z = 0) & Ez (z = 10 m)	
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Electric field Ex (z = 0) as function of distance	
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Electric field Ez (z = 10 m) as function of distance	
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Magnetic field dBy/dt at z = 20 m, in shallow borehole	
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Conclusions	
•  The mapping of the steam front in an EOR process improves the recovery factor as it 

allows the optimization of flooding. 

•  Among the geophysical methods, electromagnetic methods are the most suitable methods 
for this task as they allow fluid imaging in a 4D measurement approach.  

•  A complete new generation of technology exist including new array acquisition hardware, 
transmitter, shallow borehole sensors, processing and 3D interpretation methods.  

•  3D numerical modeling have shown that the electrical anomalies produced by the fluid 
substitution are measurable in the field.     

•  Using these tool for Feasibility study we can reduce the risk to carry out Pilot for steam 
flooding and greatly contribute to the production effort. 
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