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Summary 

For reservoir monitoring application the knowledge 
of the reservoir fluid, their quantities and location 
are essential. To image the reservoir fluid, 
electrical methods are the first choice and for the 
determination of the location of the reservoir 
seismic methods prevail. Over the past two decades 
the borehole technology progressed that surface 
electromagnetic methods can now be calibrated 
with borehole methods and subsequently with the 
petrophysical reservoir parameters. Microseismic 
has also show that it can contribute to reservoir 
monitoring. 

Electromagnetics (EM) has been applied to 
hydrocarbon and geothermal exploration since the 
mid 1960s. While Controlled Source 
ElectroMagnetics has always been more powerful, 
with time magnetotellurics (MT) emerged as viable 
exploration tool because it is operationally less 
complicated. In India, land CSEM has been 
successful in sub-basalt imaging (Strack and 
Pandey 2007) an increased interest in EM. CSEM 
has also been successful in the marine 
environment. The real reason of CSEM not 
becoming a mainstream geophysical tool on land 
lies on the technical side: anisotropy, old hardware 
and technology, noise sensitivity, low spatial 
resolution, and foremost-unknown information 
focus. With the solid success of the marine 
industry, the emerging use of borehole anisotropy 
logs, the support from the value chain is sufficient 
to address the remaining issues. 

Anisotropy is also a pivotal technical parameter in 
the unconventional scenario. We developed over 
the past decade an array electromagnetic system 
that acquires all types of electromagnetics data, 
while allowing dense spatial sampling at lower 
cost. After developing borehole and land combined 

seismic and EM systems, we recently completed 
the marine nodal receiver. The system architecture 
is broadband similar to seismic nodes. All system 
can be used as conventional EM systems and also 
as large channels count acquisition system with full 
integration of borehole, land and marine. 

Here I extend the paper to more general reservoir 
monitoring beyond the one of Strack and Aziz 
(2013) on applying electromagnetics to shale 
reservoirs. I also includes further 3D results leading 
to potentially disruptive methodology. In addition, 
new hardware components allow the integration of 
land and marine, surface and borehole.   

The system has gone beyond the concept stage and 
a first 200-channel system with a 100 KVA 
transmitter has been built and field-tested on 3 
occasions in the USA. It is now on its way to Asia 
for a more permanent installation. 

Introduction 

During the past 20 years, for hydrocarbon and 
geothermal application, controlled source 
electromagnetics (CSEM) is only used in rare 
instances. Recently, with the success of marine EM 
(Eidesmo et al., 2002; Constable, 2010), it is being 
looked at again and major potential applications 
that include high value targets are emerging. 
Marine there are many applications, in particular in 
deep water. On land, they are shale / 
unconventionals application, sub-basalt imaging 
and reservoir monitoring where the EM response 
could even yield more value than seismics.  At the 
same time technology has progressed such that we 
can measure more channels at lower cost and 
interpret today in 3D. The product spectrum has 
only increased slightly because applications are 
missing. 
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To realize the full integration value of EM, we 
integrate with the most used method, namely 
seismic.  We start with a more efficient integrated 
acquisition. For this we developed a series of 
seismic integrated acquisition systems (borehole, 
land and marine), reducing the cost per channel 
yielding more channels and more integration. 
Lower cost; acquisition technology combined with 
new methodologies adds more effective value 
integration in 3 dimensions (an a more realistic 
geologic model). (Thomsen, 2014,  Neese and 

Thomsen, 2014). 
 
 
In most hydrocarbon reservoirs one of the technical 
issues is anisotropy. Shales have an inherent strong 
electrical anisotropy and the reservoirs are 
relatively thin.  As the hydrocarbons in reservoirs 
are mostly resistive, they give an anomalous EM 
response known as Direct Hydrocarbon Indicator 
(DHI) (Passalacqua, 1983; Eadie, 1980). Using 
modern logging tools that measure electrical 
anisotropy, surface tensor EM measurements are 
calibrated and tie better to seismic images. When 
anisotropy logs are absent, the anisotropy is 

estimated using equivalence principle first 
suggested by Keller and Frischknecht (1967). 

For reservoir monitoring, time-lapse measurements 
as well as borehole-to-surface integration is 
essential and calibrates the data volume At the 
same time linking the EM information to 3D 
surface and borehole seismic data permits 
extrapolation away from the well bore. We always 
carry out 3D feasibility studies for monitoring 
applications because the reservoir variations will 
automatically make this a three-dimensional 
problem. Examples from hydrocarbon / geothermal 
reservoirs where even noise measurements were 
collected illustrate this. Additionally, seismics to 
get fluid movements and seal integrity. 

On the hardware side the limitations were cost and 
lack of interaction between transmitters and 
receivers, which, in the past, only allow single 
transmitter and unfocused receivers to be used. If 
we add today’s accurate timing and modern 
hardware, we can novel volume focusing concepts. 
Our implementation includes high power land 
sources (100 KVA) and receivers (CSEM system), 
surface-to-borehole arrays and a single well system 
that can look tens or even 100 m around the 
wellbore and ahead of the drill bit.  

While modern hardware, 3D modeling and 
calibration can address the key challenges of land 
CSEM; there are still numerous remaining issues.  

In order to reach sufficient depth, one needs to 
deploy a high power transmitter, which brings 
operations HSE issues. In addition, a grounded 
dipole transmitter is always sensitive to static shift 
caused by near electrode inhomogeneities. These 
need to be evaluated at every transmitter location 
and can all be addressed by careful operation while 
the volume focusing issue is more complex. 

One way to address this is the Focused Source EM 
methodology described by Davydycheva and 
Rykhlinski (2009, 2011). This methodology 
borrows principles used in focused logging that 
significantly increases the spatial resolution of this 
method. First successful field test with this 
technique has been carried out on land, and further 
enhancement of the spatial resolution was reached 
through integration and joint interpretation with 
seismic. Marine tests are following. 
 
 
 
 
 

 

Figure 1 shows some examples of an array system. 
The land version is already being used in >14 
different countries with case histories coming 
online. It has 24/32-bit capability and fulfills all 
requirements. The marine system is in production 
and is based on a well-established marine seismic 
units. The borehole system contains mostly sensor 
interface and is adapted to existing systems using 
one of the seismic channels so that no hardware and 
software modifications are required. This yields the 
same environmental specifications as the seismic 
system. 

Seismic''
module'

LAND'

EM'module'

BOREHOLE'

Nodes''
on'deck'

Combined'seismic'and'EM'node'
For'9>'days'operaAon'

MARINE'

100'KVA'transmiHer'

 
Figure 1:   Examples of new array hardware for land, marine and 
borehole acquisition. For CSEM a 100 KVA transmitter shown 
on the right is used 
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Technology improvements: 
 
Technology usually consists of hardware, data 
processing and interpretation software. Key in 
modern system design is to bring the 3D results 
directly into the instrument design. This lead to an 
array concept where you provide unlimited channel 
count similar to wireless seismic nodes. One of the 
key requirements is to force learning from seismic 
(Strack and Vozoff, 1995): 
 

• System must be capable to acquire seismic 
data simultaneously (at least microseismic 
or long offset broad band seismic). 

• System must be able to work as independent 
node for all EM methods (and other 
geophysical methods) and also in an array. 

• Broad band: DC to 40 kHz 
• Low power consumption:     

land  < 5 W; marine – 60 - 90 days with 
extended battery pack; borehole 3 days at 
125° C. 

• 24 or 32 bit dynamic range as needed 
• Unlimited channel capability 
• Each node must be expandable to unlimited 

channels (land & borehole) = unlimited 
nodes and expandability at each nodes to 
unlimited channels 

• Transition path from analog to digital 
acquisition architecture 

• Reduced cost per channel compare to 
previous versions 

 
Using modern digital technology and limiting 
analog part to the absolutely necessary part only 

achieved the first level of cost reduction. In 
addition a digital input port allows various 
interconnects including serial sub-acquisition 
controllers (32-bits) that allow expansion to 
unlimited channels at the local nodes level. Since 
the sub-acquisition system cost 1/3 for the same 
number of channels as the main acquisition unit, 
they give further cost reduction per channel. 
 
The transmitter is based on over 30 years of 
experience and can accept any local generator as 
power source (easier and lower cost operation). 
This is achieved by separating input and output 
power. The transmitter is further integrated into the 
array system. Figure 4 shows pictures of the 
receivers in the warehouse and the transmitter in 
the field. 
 

 
 
Methodologies 
 
Given new hardware we can now realize what has 
been long suggested CSEM (Nekut and Spies, 
1989; Sheard et al, 2006; Strack, 2014). We also 
have new interpretation tools and measurements 
such as 3D modeling/inversion and anisotropic 
models have not been fully implemented in an 
industrial environment. FSEM should deal with the 
geometric focus of the information content between 
transmitter and receiver. The first tests with the 
technique in Russia and recently in the USA were 
very successful. This should deal with the 
geometric focus of the information content between 
transmitter and receiver and point to where the 
response information comes from. Even EM 

Figure 2 shows the land layouts for 2-dimensional 
and 3-dimensinal acquisitions.  
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Figure 2:   Focused EM layout for 2-D and 3D land acuqitions. 
The source wave form is shown at the bottom. Examples 
transmitter and receivers are show in Figure 1. 

Figure 3 shows the comparison between an FSEM 
layout and a conventional TEM layout. The FSEM 
enhances the reservoir anomaly as shown in the 
model below the response curve (inline electric field). 
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Figure 3:   Focused EM modeling example for a hydrocarbon 
resevoir (left) and the corresponding anomaly from a standard TEM 
survey. 
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integrated methods such as TFEM (He et al., 2006; 
He et al., 2010) do not overcome this issue. 
 

 

Figure 4 shows a pictures of the receivers in the 
warehouse and the transmitter in the field.  

 

200#channel#wireless#receivers#

100#KVA#transmi5er#

 
Figure 4: 200 channel microseismc / electromagnetic acquisition 
system (top) and the 100 KVA receiver during field testing 
(bottom). 

 
 
First field applications of the methodology 
underline this. 
 
 
Conclusions 
 
Array electromagnetics on land has made 
significant progress and full field array systems are 
now available and ready for permanent field 
installation.  Its use is presently being piloted and 
will hopefully show that we can today effectively 
define anisotropic targets.  
 
New acquisition methodologies such as FSEM or 
integration with microseismic or other seismic 
methods will clearly improve this. The upcoming 
field installation will confirm all feasibilities and 
field tests. 
 
Reservoir monitoring and shale application are 
taking land CSEM to high value applications and 
thus we can expect a significant increase of 
activities in this area. 
 
 
References: 
 
Constable, S., 2010, Ten years of marine CSEM for 

hydrocarbon exploration: Geophysics, 75, 75A67. 
Eadie, T., 1980, Detection of hydrocarbon accumulations by 

surface electrical methods - feasibility study: M. S. 
Thesis, University of Toronto. 

Eidesmo. T., S. Ellingsrud, L. M. MacGregor, S. Constable, M. 
C. Sinha, S. Johansen, F. N. Kong, and H. Westerdahl, 
2002, Sea Bed Logging (SBL), a new method for remote 
and direct identification of hydrocarbon filled layers in 
deep water areas: First Break, 20, 144-152. 

Davydycheva, S., and N. Rykhlinski, 2009, Focused Source EM 
survey versus time-domain and frequency-domain 
CSEM: The Leading Edge, no.8, 944-949. 

Davydycheva, S., and N. Rykhlinski, 2011, Focused Source 
electromagnetic survey versus standard CSEM: 3D 
modeling in complex geometries, Geophysics, 76, 1, 
F27-F41. 

He, Z., X. Liu, W. Weiting, and H. Zhou, H., 2006, Mapping 
reservoir boundary by borehole-surface TFEM: Two 
case studies: The Leading Edge, 24, 896-900. 

He, Z., W. Hu, W. Dong, 2010, Petroleum Electromagnetic 
Prospecting Advances and Case Studies in China, 
Surveys in Geophysics, 31, 207-224. 

Keller, G.V., and F. C. Frischknecht, 1967, Electrical methods 
in geophysical prospecting: Pergamon Press. 

Neese, J.W. and L. Thomsen, 2014, Seismic processing of 
numerical EM data, SEG Technical Program Expanded 
Abstracts, 870-874. 

Nekut, A. G., and Spies, B. R., 1989, Petroleum exploration 
using controlled-source electromagnetic methods: Proc. 
IEEE, 77, 338-362. 

Passalacqua, H., 1983, Electromagnetic fields due to a thin 
resistive layer: Geophysical Prospecting, 31, 945-976. 

Sheard, S.N., T.J. Ritchie, K. R. Christopherson and E. Brand, 
2005, Mining, environmental, petroleum and 
engineering industry applications of electromagnetics 
techniques in geophysics, Surveys in Geophysics, 26, 
653-669. 

Strack, K.M., and K. Vozoff, 1996, Integrating long-offset 
transient electromagnetics (LOTEM) with seismics in an 
exploration environment: Geophysical Prospecting, 44, 
99-101. 

Strack, K.M., and P.B. Pandey, 2007, Exploration with 
controlled source electromagnetics under basalt cover in 
India, The Leading Edge, 26, 360-363. 

Strack, K.M., and A.A. Aziz, 2013, Advances in 
electromagnetics for reservoir monitoring: Geohorizons, 
32-44. (Special shale issue) 

Strack, K.M., 2014, Future directions in Electromagnetic 
Methods for Hydrocarbon Applications, Surveys in 
Geophysics, 35, 157-177. 

Thomsen, L., 2014, Electromagnetics and seismics: The deep 
connection, SEG Technical Program Expanded 
Abstracts, 855-859. 

 
 
Acknowledgments: 
 
This paper benefits from the contributions of many 
colleagues over the past years. We are grateful to: 
Aramco; A. Aziz, P. Boonyasaknanon, Baker 
Hughes; BGP; BP; S. Davydycheva, W. Doerner; 
T. Hanstein, Z. Jiang, LBNL; Mannvit; I. 
McMillan, Microseismics Inc.; Nord-West, 
Northern Hill University, India; ONGC; N. Ryder, 
Sercel; PTTEP, RWE-Dea; RXT; C.H. Stoyer, T. 
Tasci, W. Siripornvaraporn, A. Zerilli. We also 
thank those we accidentally do not mention. 
 

11th Biennial International Conference & Exposition




