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Background  & issues >> the system >> requirements >> examples
Dissecting the topic… I …Geothermal & Hydrocarbons

ØMulti-physics system: all include seismics
– Time/frequency domain EM
– CSEM & IP
– TFEM

ØApplications:
– Hydrocarbon E&P
– Geothermal E&P
– Shallow (environmental)
– Crustal  & earthquake prediction
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Background  & issues >> the system >> requirements >> examples
Dissecting the topic… I …Geothermal & Hydrocarbons

Commonality between Geothermal & Hydrocarbons
Ø Both benefits from 4D monitoring (cost, reservoir integrity & quality)
Ø Permanent installations have highest value (4D seismic & induced seismicity 

monitoring)
Ø Similar depth range (1 km to 4 km)
Differences
Ø Hydrocarbons: resistive (oil) & conductive (water) targets
Ø Geothermal: mostly conductive target

à Always image conductive & resistive targets (à choice of sensor H & E)
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Background  & issues >> the system >> requirements >> examples
Pitfall: ANISOTROPY our biggest problem

Considering anisotropy translated to > 40% more oil reserves

After Yu et al., 2001

Barber&et&al,&SPE&2004&

Gamma	Ray

Rv

Rh

AHT90

NPHI

DPHI

Oil	saturation	
from	Rv

Oil	saturation	
from	Rh

ResistivityImager	interp. Oil	Saturation Porosities

After Barber et al., 2004

• Since the error is > 40%
• à WE MUST measure tensor components &
• Model anisotropic with calibration
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Background  & issues >> the system >> requirements >> examples
Pitfall: Where does the information come from?..

receiverstransmitter

TIME DOMAIN
(à time after turn off)

Sensitivity	 density

FREQUENCY DOMAIN 
(à frequencies )

2.5	km

2.5	km

Focused Source EM electric fields

TIME DOMAIN

FREQUENCY DOMAIN

100	ms 1000	ms

0.1	Hz 1	Hz

• We must get better images!!!
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Background  & issues >> the system >> requirements >> examples 
FSEM anomaly improvement
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Background  & issues >> the system >> requirements >> examples
Exploration & monitoring layouts

Receiver nodes: KMS-820 & 2 KMS-831
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www.KMSTechnologies.com

Shallow 
borehole tool

Multi-channel 
receiver

Background  & issues >> the system >> requirements >> examples 
Receiver: New ARRAY acquisition à better images

3C seismic sensor
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Background  & issues >> the system >> requirements >> examples 
Cabled marine array system: EM & seismic
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Introduction >>> Technologies >>> Summary 
Cabled system: prototype 1 and 2
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Background  & issues >> the system >> requirements >> examples 
Cabled marine array system: what method?

Ø Frequency domain: deep water
Ø Time domain: shallow water
Ø Can include seismic or FSEM
Ø Always CSEM & MT

(Zerilli, 2002)
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Background  & issues >> the system >> requirements >> examples 
Sensors
Coils & fluxgate
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Background  & issues >> the system >> requirements >> examples 
MT systems

 
 
 
 
 
 
 

 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
    WWW.LEMISENSORS.COM & WWW.KMSTECHNOLOGIES.COM           

� 2018 KMS THFKQRORJLHV - KJT EQWHUSULVHV IQF. 

KMS/LEMI MT V\VWem famil\ 
1. LEMI-424 MT V\VWem 
x LRZHVW SRZHU FRQVXPSWLRQ  - <0.35 W 

x FUHTXHQF\ EaQG ± DC - 0.5 H] 

x CUXVWaO LQYHVWLJaWLRQV; UVHG E\ US MT aUUa\ 
 

2. Mini-MT V\VWem 
x LRZ SRZHU FRQVXPSWLRQ - <5 W 

x FUHTXHQF\ EaQG ± DC - 180 H] 

x CUXVWaO LQYHVWLJaWLRQ; MT & CSEM 

x MT V\VWHP LQ a VXLWFaVH < 30 KJ 
 

3. SXpeU bUoadband MT V\VWem 
x LRZ SRZHU - <5 W 

x OQH FRLO IRU MT & AMT 

x FUHTXHQF\ EaQG - 0.00025 - 10,000 H] 

x MT, AMT, CSEM 

x IQGXVWULaO V\VWHP IRU RSHUaWLRQaO HIILFLHQF\ 
 

4. SWandaUd MT V\VWem 
x LRZ SRZHU - <5 W 

x FUHTXHQF\ EaQG - 0.0001 - 1,000 H] 

x CUXVWaO LQYHVWLJaWLRQ, MT, CSEM 
 

5. MT/AMT V\VWem 
x LRZ SRZHU - <5 W 

x MT FUHTXHQF\ EaQG - 0.0001 - 1,000 H] 

x AMT FUHTXHQF\ EaQG ± 1 - �0,000 H] 

x LRZHVW QRLVH RSHUaWLRQ 
 

6. MT MAX V\VWem ± 11 channelV 
x LRZ SRZHU - <5 W 

x MT, AMT, aQG FOX[JaWH VHQVRU LQFOXGHG 
 
 

Web acceVV bo[ foU all V\VWemV 
x NOISE FREE GaWa 

x RHaO-WLPH FORXG aFFHVV 

x EaV\ WR XVH 
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Background  & issues >> the system >> requirements >> examples 
MT systems: broadband coil LEMI-152
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Background  & issues >> the system >> requirements >> examples 
MT systems: noise-free data streaming
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C
el

lu
la

r/E
th

er
ne

t

W
ire

d

Source of noise

Noise sensitive
• Induction sensor
• Analog cable
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Background  & issues >> the system >> requirements >> examples 
Monitoring: Transmitter: log time stable current controlled

Array	receiver	
/	controller

Laptop

switchbox

100/150	KVA	generator
Auxiliary	generator Electrode	pits

Voltage	isolator

�

Transmitter	site



© 2009 - 2019 KMS Technologies 20  years of excellence in electromagnetic R&D                                               18

Background  & issues >> the system >> requirements >> examples
KMS array system history

Ø Developed since 2007 array system for
– Large channel count marine & land
– Industrial seismic/EM applications

Ø 2008: purchased LEMI sensor R&D in UA
Ø Since 2010 sold as MT system
Ø 2014: added high power transmitter (100 & 150 KVA)
Ø 2015: added shallow borehole tool
Ø Can be used for CSEM & MT & microseismic in single 

receiver drop
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Background  & issues >> the system >> requirements >> examples
Acquisition system requirements

Ø Receiver:
– Continuous recording
– EM/seismic @ high sampling rate
– Amplifiers very stable 
– Active bias for CSEM
– NOISE FREE data streaming

Ø Transmitter:
– Electrode plants very stable with time
– Current control < 0.5%
– Current timing control & verification only for monitoring
– Multiple safety circuits (failure & operations)

• Electric circuitry
• Wire cut - SAFETY
• Waveform/current adopted
• Controller (KMS-820) adopted
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Background  & issues >> the system >> requirements >> examples
Transmitter timing: correct and verify

Time	(ms)
Vo

lta
ge
	(m

V) on-set	=	38684	ms

on-set	=	38601	ms
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Background  & issues >> the system >> requirements >> examples 
Transmitter signal timing diagram

Transmitter 
Signal (Tx)

Receiver
Signal (Rx)

ΔT
Synchronization lag

GPS

FIXED lag:
Set ramp optimized
Tx IGBT delay: ~1 µs
Tx FPGA delay: ~3 ms
Rx internal clock delay: ~1 µs
Rx MCU to memory delay: ~2 ms

Variable
GPS
Dipole inductance
Current sensor
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ARRAY Electromagnetics
• 195 channels, wifi, wireless or LAN
• 3C magnetic field (DC to 40 kHz)
• 3C microseismic
• 2C electric fields
• Shallow borehole (microseismic/EM)

RESERVOIR MONITORING

Background  & issues >> the system >> requirements >> examples 
195 channel monitoring system

150 KVA

150 KVA
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Background  & issues >> the system >> requirements >> examples 
Reservoir Monitoring: Raw data example: microseismic/EM monitoring

Ex

Ey

Hz

Geophone x

Geophone y

Geophone z
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Background  & issues >> the system >> requirements >> examples 
Reservoir Monitoring: Data workflow

Original data

Pre-stacked data

Stacked

Post-stacked data 

Select channel

Load data (.kms)

Stacking

Post-stack (smoothing)

Plot the time-lapse

Pre-stack
(Filtering)

Filtering
•Harmonic Noise
Harmonic noise filters: Low pass filter
Power line harmonic : 50 Hz 
threshold:3.00
•Smoothing
Low pass filter :  time domain 
Cut off frequency: 15 Hz
Averaging filter: Recursive average = 0.01,T/2 smoothing

Stacking
Trimmed mean
T/2 additional stacking

• Smoothing & time lapse
Recursive average filter
DC-level adjust 
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Background  & issues >> the system >> requirements >> examples 
Reservoir Monitoring: Magnetic field sees water flood influence

Receiver 200 m away at surface

Receiver 400 m away at surface

Receiver above water flood at 2 km depth
30 %

2  % à noise

noise

1 sec1 sec
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Courtesy A. Paembonan
0.01 
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Background  & issues >> the system >> requirements >> examples 
3D anisotropic models for FSEM/shallow borehole tool verification

Ø Anomaly approx.10% 
Ø Physics similar to Ez 

(shallow borehole tool) 
Ø More field trials needed

Borehole
seismic/EM node
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Background  & issues >> the system >> requirements >> examples 
Reservoir Monitoring: summary

Ø Carefully log integration & 3D model confirms observed anomaly
Ø Data from initial test à room for improvements
Ø Water flood seen in MAGNETIC field
Ø 3D anomaly discrepancy points to current channeling
Ø Would need improved image focus
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Background  & issues >> the system >> requirements >> examples 
IMAGE FOCUS EXAMPLE: Hockley salt dome 10 km W of Houston
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Background  & issues >> the system >> requirements >> examples 
Hockley salt dome: Focused 3D anisotropic  model
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Broadside Inline Inline

Rx1Rx2Rx3

Broadside

Data	assurance

Data	merge
••Align
••Time	Shift
••Flip	polarity
••Resample
••Separate	microseismic	
data

Data	Quality	control	
(Noise	reduction):
••Pre-stack	(Filtering)
••Stack
••Post-stack	(Smoothing)
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Background  & issues >> the system >> requirements >> examples 
Hockley salt dome: Lotem & MT inversions

BB	MT	2018
E	center

Occam	model

Layered	inverted	model

MT	2011
E	edge

SALT	DOME
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Background  & issues >> the system >> requirements >> examples 
Hockley salt dome: Summary

Ø Focused Source EM (FSEM) sees overhang
Ø Consistent for Dipole-dipole, Lotem & MT, but both are 1d with 

unknown image focus
Ø More data will be acquired
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Background  & issues >> the system >> requirements >> examples 
Hungary geothermal
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Background  & issues >> the system >> requirements >> examples 
Hungary: Integrated interpretation

Seismic and geologic information for 
structures and lithology

Magnetotelluric  (low resistivity) & gravity (low density) to 
target geothermal anomaly
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Background  & issues >> the system >> requirements >> examples 
Hungary: Drilling gives 3 MW

EM & gravity data over 
seismic section

Total success!
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Background  & issues >> the system >> requirements >> examples
Conclusion

ØWe have addressed the accuracy issue 
with EM system to get repeatable data

ØImage focus can be improved via FSEM 
(similar with shallow borehole tool)

ØAnisotropic 3D models are required
Øà works well with monitoring & 

geothermal
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THANK YOU

Thanks to supporters of various parts: 
Aramco, DeepLook consortium (BP, 

Chevron, ConocoPhillips, Shell), ENI, 
Ormat, PTTEP, Shell, WellDynamics

…and all KMS staff.

All technology protected by US & Foreign patents
(see KMS Technologies website)


