ASTUREMENI
An Introduction to “Natur l/S()urce

Electromagnetics” and.its applications to
petroleum and mineralaesource exploration.

L_ouis J. Berent
Dynamic Measurement, LLC
Houston, Texas

This presentation supports the poster sessions titled:
“Harnessing Lightning in the Hunt for Hydrocarbons™ and L £ :
“An Unconventional Exploration Tool for Unconventional Exploration,”
both presented at the 2017 annual AAPG convention held in Houston, TX ,
on April 3@ and 51 respectively. [

* * *
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Presentation Objectives ASUREMENT]

an/dom nor predictable.

» Provide evidence showing how &-why geology can influence the type
& location of lightning strikes as well as their measurable attributes.

 Demonstrate how lightning#sourced data can be utilized to map
geologic features. -

* Reveal how lightning Is neither

» lllustrate how lightning-Setrced electromagnetic data can be used for
reconnaissance mapping & Prospecting.

* E 3 *
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| DYINZ

Outline ASURENENT}
Lightning, and why It |s tracke stacked & mapped!
Natural Source Electro | Oﬁﬁ"”
a new geophysical data t /y
Examples of using NSEM to interpret geologic features.
NSEM overview.
Current Projects -

Loy . . e " "
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Lightning: an atmospheric discharge of
electricity that ionizes the air to create
highly conductive plasma chanpe{s.

S| IMTER-CLOAlr STRIKE
NCLOHUID-TO - CLOLRD )

T 4+ +

Most CG
lightning strikes
~are “negative,”
— originating from
— base of clouds.

TYPICAL CLOLRD-TO -G ORI
LIGHTHIMNG BETWEEN GRCAUMHD AMD
MEGATIVE CILARGE CENTERS

1. Cloud-to-Ground (CG) 2. Intra-Cloud 3. Cloud-to-Cloud

Adapted from: NASA, Global Hydrology Resource Center Website, Lightning & Atmospheric Electricity
Research, Description of Lightning Discharge Process (https:/lightning.nsstc.nasa.gov/primer/primer2.html).

*

N

o=

Hot moist air rises: freezes to form
Ice crystals.

Turbulent winds: ice, hail, water
droplet collisions.

Clouds become polarized:
+ jons carried to top clouds,
- lons gravitate to base.

Static charge buildup: when charge

strength exceeds insulating property
of atmosphere, sudden high-voltage
static discharge.

- *
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Nature of Lightning - D
“Step Leaders” & “Streamers” ASURENMEN(T}

Step Leaders: intensely charged channels of treamers: rising stream of positive charge attracted

downward zig-zagging/branching electrons seekin to downward seeking electron step leaders when
positive ions to discharge built-up static energysy”

Illustration of a negative lightning
strike in the making, representing more
than 95% of worldwide CG strikes...

\

step leaders are within 30” - 300°.

...therefore, more than 95% of
worldwide lightning strikes require
positive streamer currents, rising from
the earth, to complete the circuit.

Step Leaders | Step Leaders \

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 5
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Failed Lightning Strikes & Streamers ASUREMENiT

Two streamers launched from
tree, but only one connects with a
step leader to produce a strike.

Note streamer launched from
telephone pole also does not
connect with a step leader to
produce a strike.

Rising Streamers

[llustrates competing factors
Influencing strike location, one of
which is geology.

* *
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Why is lightning tracked & mapped? SURIEVENT

 Storm tracking
« Safety warnings
* |nsurance

* Forest fire
forecasting

* Hurricane tracking

e Research & now...

1 billion annual st\r\ii{‘é's’"“‘ R \asA Lightning Tear [0 Natural resource

lightning flashes (per km~ per year)

350 million annual C-G ™%z 2 s 2o 7 exploration!

*
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25 Million Annual U.S. Lightning Strikes /,0 ‘
17 Year Database, a Rich Database to Mine e

Vaisala's National Lightning Detection Network (NLDN)

Cloud-to-Ground Lightning Incidence in the Continental U.S. (1997 - 2010) nghtn | ng pat‘terns |n U S
neither random nor uniform.

Evidence will be presented to
show that despite strike density
being regionally controlled by
S meteorology, lightning is locally
el Influenced by geologically-
. sourced perturbations of the
BRI [T Earth’s telluric currents

sorwsd. For dsplay = oy - aney aihe = 5 proh thout pror wrifien consent from Yasalka

* * »
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Collection of Lightning Data

National Lightning Detection Network
115 Sensor Locations in U.S.

Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

=
=

strike is recorded by
16 -24 sensors.

Sensors within 600 mi
of a strike can
contribute to its
triangulation.

Empirical results show
location error from
reasonably dense
database is 35-70'.

AAPG 2017 9

z A typical Texas lightning



Lightning can travel 155 mi. e

from cloud-to-cloud, so what | SoUREMEN]
Influences its strike locations? The
Earth’s electromagnetic field 1s the
primary regional influencer, but....... ....there appear to be other factors

=} contributing to non-random, non-
uniform worldwide strike patterns.

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 10
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Does Infrastructure Control Ig_ightning? SURENENT

Oil Storage Facility (Tank Farm), Ship Channel, Houston Strike Density Attribute Map Overlay fi - Low strike density
* 81 High strike density

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 11



Approximately 60% of Tank Farm OV
Experienced Low Strike Dens/?ty ASURENENT

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 12



Lightning can bypass tall objects and. .. YRANTE
5 = P J MEAS‘UR«E ENTf

L A & % GRS
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...Infrastructure expected to attracét lightning. [

-
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The Electrified Earth (Global Electric Circuit) ¢ s

« Aglobal circuit exists between crust, mantle,//
various layers of atmosphere & magnetogph'ere. 3 | / ~

=

 This circuit Is maintained by: 1~)\g|obé @
thunderstorm activity; 2) electric<fiejas/eurrents
generated in upper atmosphere fro '
& magnetosphere interaction.

Solar
Energetic ,'

» \/oltages approaching one billion volts generated ==

(SEP) ——

.
- Lightning, an atmospheric disc e of electricity: |EEeERCNEC i W 2 i
. . h TSR - Rays (GCR)
d Vlsual remlnder Of the eIeCtrIC nature Of CIOUdS Above image provided by Dr. Jeffrey Forbes, Univ. of Colorado, Boulder &

courtesy of the National Science Foundation.

nearly one million amperes.

* * »
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Telluric Currents SENIENT

» Earth is a complex electrical j)or')é:i:ﬁctor; its

conductivity varies with location’ & depth based on geology & tectonic history.

« Telluric (Earth) currents, are natural electric currents flowing on the surface
& within the Earth’s crusft, mantle, bodies of water and atmosphere.

* These telluric currentsfae induced electromagnetically by geomagnetic
field fluctuations In th&§lonosphere & magnetosphere.

ch as solar flares, corona mass ejections &
2 electric current variations responsible for
1 1n turn induce telluric currents.

- Space weather eve
magnetic storm
these magne

e Space we e for the strongest telluric currents.
- A lightning bolt isjanalegous to a wire carrying current & creates a strong
circular magnetic field, also mdugmg telluric currents.

« Alightning pulse, ‘a dynamigc. seismic charge, includes all frequencies,
_ creating induced“teluric currents at'all depths.
- * * *
April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 16




Capacitors 4) AT

o=
=

Capacitors store electric charge & In their simplgst form consist of
two oppositely charged conducting plates sejpdrated by an insulator.

Capacitor

opposite charge weakens.

If the capacitor’s charge & its €
insulator’s ability to separate o

Metal Plate

If the energy build-up is slow e Insulator is air or liquid, the
Insulator may repair itself & alloWw subsequent energy storage.

.

* *
April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 17
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Earth: A Self-Repairing Capacitor - DY

conducting plates forming a natural capacitor,
atmosphere serving as an insulator betweer

* During fair weather, the ground i
charged whereas positive charge is
with the ionosphere.

From “Earth: A Self-repairing Cap .'n'.?‘: (
Thunderbolts.info, Thornhill, Wal., 200

lonosphere image/illustration courtesy of NASA/GSFC/CI Lab/B. Monroe

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 18



Earth: A Natural Multi-plate Capacitor D

| ASURENENT
e Electrical discharge phenomena & lightning occur
throughout the atmosphere, both above & belowthe
lower atmospheric clouds & within the ionosphere. Thermosphere
! S Eive 100 —
 Atmospheric & ionospheric lighthRing phehomena. - —
. e - | |
suggest the ground, clouds & ionosph ether - & N onli l n
% § Red SpriteiA".' "’ 2 * l
= s lonosphere
_______ e
E
Eso —
-:- -:- + ;!nsu@tor -:- + + + + + + E J Blue Jet }T;’ =]
% The atmosphere is ..it prevents +/- ions created in clouds -
& a good insulator.... from routinely discharging onto Earth.
\ \ . Upper Atmosphere B
\/ - ¢ . Lower Atmosphere
Troposphere % /’ / 10 —

‘ A ] Atmospheric lightning & electrical-discharge phenomena, European Space Agency, Thunderbolts.info, 11/05.
- * - *
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Lightning Strikes Are Not Ranfdom! i

\\

\\i

A D M W

Influenced by Lateral/\ertical V: }rfi/aition

of Rock Properties:

Upward lightning shows electrostatic

Faults o ~charge builds up in the ground, as well
Fractu re Swarms » ‘ as In the atmosphere
Salinity Geology driven electrical rock property
Dore Fluids heterogeneity facilitates surface/subsurface
5 : larization & subsequent induction of
Orosity | ) ..
i current triggered by storm cloud proximity.
Permeability | .
Mineralization lpdug d currents perturb telluric currents

I hence influence lightning.

* * »>
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Telluric Currents, Lightning & Geology y LA

=
=

Earth Currents Modified by Geology ?/ Prone to Lightning

Lightning and Faults

T +15 Km

T +10 km

T
> —A ; __“__G'i T . L +5km
Thunderstorms - , Possible increased strength &

Sea Level

Interbedded b
Sands and
Shales

Electrotelluric Currents

possibly guided by fluids
moving up fault planes

Electrotelluric Currents
possibly guided by Salt Domes

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 21



Multi-layer Capacitor Model:
Subsurface-to-cloud layer syjtem

= . S Peak current of each
Each strike AT FY - TR strike assumed to be
represents the . gt *ff' "R +15 km proportional to cloud
discharge ¥ 7 — height, i.e. the
associated -~ “\vr . - —— ., — +10 km equivalent of half the
with a unique 9 e distance to the bottom
capacitor. T PR e e R — + 5 km capacitor plate.

‘Upper Capacitor Plate
\, Seoa Love! IRLERSIESle

[ | depth below Earth’s
surface to the bottom
plate represents depth

— Lower Capacitor Plate of geologic influence

— ~10 km on telluric currents &

— hence to lightning &
=15 km its attributes.

.

-5 km

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 22
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How Does Geology Influenceﬂ,Lightning?
i

MENI]

The next series of images represent the culmination of theoretical, field &
laboratory work of Dr. Friedemann Freund, who has formulated and written
extensively about his Rock~§tres§ Electromagnetic Signal Theory.

Dr. Freund’s findings provide independent support for Dynamic
Measurement’s empirical fieldsresults and theoretical argument linking
geology to lightning strike,pafterns and lightning attributes.

Dr. Freund is affiliated with t%qé NASA Ames Research Center, the Carl Sagan
Center and the SETI Institute; located in Mountain View, CA and the
Department of Physics at San Jose State University, San Jose, CA.

Dr. Freund’s theory will no&( be applied to the field of NSEM.

* * »
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Stress-Induced Currents in the Laboratory s
i

<
=

» Although silicate minerals are primarily insulators, most can
behave as semiconductors because,they contain dormant electronic charge
carriers, I.e. electricity that can be/activated by stress.

* * When rocks are subjected to &%s, first positive and then negative charge
carrying currents are producileg(ﬁositive or “h holes” and electrons respectively).

» * These stress-induced currents flow toward the unstressed region of rock samples
and from the interior to the rock’s exterior, ultimately ionizing the air.

 Thus, faulted areas appear to‘offer a plentiful supply of dormant charge carriers that
when triggered by the attraction of overhead storm clouds, can provide the necessary
current flow, in the form of “streamers,” to attract opposite charged step-leaders.

.| * Demonstrated by F. Freund, “Toward a unified soli(}\ state theory for pre-earthquake signals,” Acta Geophysica 58(5):119-766 - Oct. 2010.

*
April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 24
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Stress Produces A Rock Battery"‘in the Lab &

Stress-Induced Currents

B e S S S e S S T S
+

Rock h
f\

+
+
+
+ .
£ +
+++++++++++++¢¢++ﬁi+++++++++++¢++¢+:+

Piston Positive h holes flow to un-
Insulator Stressed regions of rock.

Set-up to measure the positive surface potential with a
capacitive sensor.

B o o o e T s

Rock

=
e o S o o o S i T T T S o o
Piston

Insulator

Battery circuit completed by placing copper contact
(cathode) on rock. Ammeter measures current.

£ +
B

Piston Positive h holes propagate
Insulator through sand & soil.

L. Potential difference measured between unstressed rock &
2 piston, indicating build-up of surface & subsurface charge.

B o o o

Rock

Positive current flow

¥
T o o o o T

Piston
Insulator

Demonstrates that positive h hole current also flows
through sand and soil.

ASURENMEN]

Stress produces positive
charge carrying currents
in the lab.

“Loading simulates
tectonic stresses causing
existing dislocations to
move & new ones to be
generated in response to
shear forces acting on
mineral grains.”

“Dislocations activate h
charge carriers alongside
electrons” (Freund, 2002;
Freund et al., 2006)

Above fig. modified from Friedemann Freund, “Toward a unified solid state theory for pre-earthquake signals,” Acta Geophysica 58(5):719-766 - Oct. 2010.

-

April 2017

»>
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Stress-Induced Changes of Electrical Rock Properties - OV

 Creation of dormant charge carriers. ' _
 Localized electrical currents generated.
* Provides reservoir of positive and negatively charged particles.

N

o=

* Recent studies by F. Freund

ol e . = 4 Surface betc.t.ﬁ.tial of gabbro increase§ with stress, initially increases in Conductivity and
Conductivity of dry granite increases with uniaxial stress.” strongly pgsitive then weakly negative. ) I
N - the generation of both positive
clectical > Gabbro m?irg;iglg:v and negative currents and
P conauctuvity -
3 w PS‘:ffatc_el posiive! ¢ surface potential, are not solely
| 4 : g Exﬁ. i influenced by improved grain-
: Granite S - : e
g Sierra White = 8 O-grain contacts.
. Run #35 2 surface o.
—— @ O potental =l  * Itis likely that changes in
; 73 : .
stressing g 1 = electrical rock properties are
E 0.5 caused by an increase in the
0 number of electrons, negative
0.5 lons and positive hole charge
20 .
8 12 16 20 24 28 32 e [sz‘(’:‘; carriers produced when rock
Time [min] s volumes are stressed.
~ Above figures modified from F.Freund, “Toward a unified solid state theory for pre-earthquake Signals,” Acta
Geophysica - October 2010, DOI: 10.2478/s11600-009-0066-x . * From F. Freund’s rock stress-EM signal theory. * >

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 26
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Stress-Induced Positive Charge Carriers 1 e

MENT]
* ¢ o .
Insulator “Positive holes are highly m_obile In the lab’ hlghly m0bll€
NS il POsitive holes flow out of the

stressed rock volume several
meters into the surrounding
Rock h' Positive h hole flow. + unstressed I’OCkS

TEEFFR L EF AT AR A A F A4

v
T T O R A N T 0 S S S S MU S S O Mt S At N M S S NP S M N e &

In the field, the positive current
Piston flow would presumably involve
Insulator several kilometers.”

The vast majority of stress indeced‘electrical currents

produced in the lab are positive.

* Diagram and quotes from F. Freund, M. Lazarus, G. Duma, “Top-down and Bottom-up Coupling between lonosphere and Solid Earth,”
Poster, NASA, CA; SETI Institute, CA; San Jose State Univ., CA; Lancaster Univ. UK; ZAMG, Vienna, Austria.
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Lab & Field lonization of Alr I\/Icl)'lvlecules e

- Laboratory experiments demonstrate how stress-induced
currents can promote ionization of neutral gassmolecules at the
Earth’s surface, producing free electrons and positive and negative 1ons.

* In the vicinity of faults a plentiful suﬁ 'Iy/of airborne ions would be available during
thunderstorms to feed both positive @ng-hegative streamers.

e’s, +- ions

A ad A
Tt Tt ErPrF AT EYSS BT T € € e ‘e_~-,

h s -

e

+++++++++++

b -r
++++++++ + e : +FFFFF A FEAF I AIE I IS TP A EF LIS EERT 4+ e.i\

Ny

Lab set-up demonstrates how air molecules (O, , are iorﬂzed when “When electric fields at the rock surface increase sufficiently, electrons can
rock samples are stressed, resulting in + airborne ions capable of accelerate to cause impact-ionization of neutral gas molecules, triggering
forming into streamers during thunderstorms. In the above set-up, the corona discharges. This produces free electrons & negative & positive

+ ions would attract negative lightning. \ airborne ions.

b

Above fig.s modified from F. Freund, “Toward a unified solid state theory for pre-earthquake signals,” Acta Geophysica 58(5):719766 - Oct. 2010.
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Connection to the Atmosphere & Lightning

.
* * Field data associated with earthquake-producing faults
show dramatic pre-earthquake atmospheric/ionospheric
anomalies caused by the emission of electromagnetic energy.

A D

<
=

* One such emission is the “Earth uﬁke Lightning” phenomenon, the
worldwide appearance of plasmathat often appears in the sky during fair
weather conditions prior to ear quakes & believed to be related to faults.

e * These atmospheric/ionospherjc electromagnetic anomalies have been
Intimately linked to the semi-conductor behavior of rocks & their
associated dormant charge cdfrying currents documented in the lab.

* The ability of stressed segm%n-ts of the crust to essentially store dormant
charge carrying currents pro {ides one link to how geology may influence lightning.

* From Friedemann Freund, “Toward a unified solid state theory for pre-earthquake signals,” Acta Geophysica 58(5):719766 - Oct. 2010.
April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 29
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J MENSURENMEN]

NATURAL SOURCE
ELECTROMAGNETICS (NSEM) -
ANEW GEOPHYSICA ATATYPE .

* * * - 3
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Time-Line of New Geophysical Data Types  [maun -

M

1833 1920s

Each data type triggered a step charnge
In new revenues and cost avoidance #

for upstream oil and gas companies.§
. B

*
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Proven & Patented Technology
(two existing patents, a third to be submitted)

12y United States Patent

Nelson, Jr. et al.

US 8,344,721 B2
Jan. 1, 2013

US008344721B2

(10) Patent No.:
45) Date of Patent:

METHOD FOR LOCATING SUB-SURFACE
NATURAL RESOURCES

H. Roice Nelson, Jr., Houston, TX (US);
Joseph H. Roberts, Houston, TX (US):
D, James Siebert, Katy, TX (US): Wulf
F. Masscll, Conroe, TX (US): Samuel 1D,
LeRoy. Houston, TX (US): Leslie R.
Denham, Houston, TX (US): Robert
Ehrlich, Salt Lake City, UT {US),
Richard .. Coons, Katy, TX (LIS}

Inventors:

Vaisala Ovj. Helsinki (FI}

Assignee:

Motice: Suhbject to any disclaimer, the term of this

patent is extended or adjusted under 35
LLS.C. 154(b) by 391 days.
Appl. No.: 12/655,810
Jan. 7, 2010

Filed:

Prior Publication Data

LJS 201 1/0163733 Al Jul. 7, 2011

(51)  Int. CL
GOIR 314012
GOIN 2740
GO W 1700 (2006.,01)

US.CL i, 324072, 324/71.1: 702/4
Field of Classification Search ... 324/72,

324/71.1; 702/4
See application file for complete search history.

(2006.01)
(2006.01)

References Cited

LS. PATENT DOCUMENTS
5417282 A % 51995 Nix . oo 166248
200000023267 ALT 12010 Karabin et !l i T2
* ciled by examiner
Primary Examiner — Amy He
(74) Atvormey, Agemt, or Firm
Property, LLC

Portland  Intellectual
(37) ABSTRACT

A method for locating sub-surface natural resources. The
method utilizes lightning data to discern relatively likely
locations for linding the sub-surface naral resources

16 Claims, 8 Drawing Sheets

Dynamic
ﬁMEASUREMENT

April 2017

a2y United States Patent

Denham et al.

\/ \B\

US 9,523,785 B2
Dec. 20, 2016

(10) Patent No.:
45) Date of Patent:

METHOD FOR DETERMINING
GEOLOGICAL SURFACE AND SUBSURFACE
RESISTIVITY

Applicant: Dynamic Measurement, LLC, Cedar
City. UT (US)

Inventors: L. R. Denham, Houston. TX (US): H.
Roice Nelson, Jr., Cedar City. UT
(US): D. James Siebert, Katy, TX (US)

(73) Assignee: Dynamic Measurement, LLC

*
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(57) ABSTRACT

A method for determining geological subsurface resistivity.
The method includes obtaining a set of lightning parameters
associated with a lighting strike received by a geological
volume of material. the set of lightning parameters including
an indicium of the current of the lightning strike at a first
nitial time and an indicium of the current of the lightning
strike at a first decay time subsequent to the first initial time,
and inferring the resistance of the volume of geological
material, at least in part, from the set of lightning param-
elers.

6 Claims, 2 Drawing Sheets

.
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Lightning Strike I\/Ieasurements OYINE
(“Attributes”) | |

* Location i /

=
=

- - / — — e p—— = 25
e TIme and Duration - — - ?-,:f;?” Peak 10 Zero
- — i 5 | 15 0
e A - . :

* Rise Time

* Peak Current

-
T,
o
=,
=
=
.‘-"
=
!

* Polarity

Peak Current (negative for most strikes)

 Peak-to-Zero SEEEmmmmms
Lightning Strike Waveform.

 Density

- . * * »* .
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Depth of Electrical Energy Penetration - 4) I
Function of Strike Strength '

N

o=

Millions of lightning
+15 km strikes grouped by
peak current.

Upper Capacitor Plate

+10 km
" — T Tk Strike data therefore
Peak Current oc Cloud Height & e grouped by depth_
Lower Plate - S km Provides basis for
-10 km generating 3-D
et Canmcitor Plai apparent resistivity
ower Capacitor Plate L 15 km
Multi-layer Capacitor Model P volumes.

*
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3-D Resistivity Volumes SSURENEN:

] i

Data traces uniformly sampled | /t’/ Ime/depth with same # samples
In each trace as required by 3 L seismic interpretation software.

mﬂd IS generated & sampled.

Resistivity values mterpo d between sampled points with
respect to depth, produgcifig samples at uniform intervals.
Typical sample interval apptoximately 160°.

Typical trace length 125 samples.

No sample interval/trace dength- estrictions beyond those imposed
by SEG-Y format. XX VIR

For each trace a depth &

*

* *
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NSEM Correlates To Geology:
Houston, TX Resistivity Cross-Section

'6'-,'«_9%{!; B
B oo M) &
BN ool o
YIEl .
Qll Bl 2=
[\]
g “
N

Al

>ENL N A
TWT (s deiow 3§ et

South 610

daogewe

/

Conroe " Houston Area Surface Resistivity
| -
-20,000
2 A

April 2017

Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

A D M W

Based on assumptions
between cloud height, peak
current, the depth of the
earth’s lower capacitor for
each strike, and the
similarities between lightning
physics & the physics
describing relaxation
oscillators, the math for
converting lightning’s
electrical measurements to
resistivity volumes has been
developed & patented.

* *
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Resistivity & Permittivity Volur¥1es/g-
Interpreted with 2-D/3-D Seismic & Well Data

Crosslines
ArD LInes

OIICES

"\;- %
B\ S
N

-

Easily Integrated

with 3-D Sei
& Well Data

Inlines

smic

*
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Display, Integrate & Interpret 3-D NSEM gl

‘ VIEN(T)
ppp— Seismic Section NSEMﬁé/ity Underlay
:: B 18[1])'-‘15 155']5[311 56 f 87 77 Z'E.l’ '? \/ '14!].;'106 . . Seismic & apparent resistivity
o i = 2 2 2
B . = ==t sections & slices can be displayed
0 m— = In the same seismic project to

e % -

TWT {ms helow 0 meters)
2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 60

|

10,000 feet
3,000 meters

BiaOS@e/ 5 B804 54t

’ - )
. T 7
), ’ wd « /4F
%, b |4
. .
i A |

*

facilitate data integration &
correlation of features.

 Interpreters can display well logs,
synthetic seismograms, seismic &
resistivity profiles along any line,
trace or arbitrary line direction for
data calibration & interpretation.
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Resistivity & Permittivity Volumes DY
Easily Integrated w. Near-Surface Geophysical Data

=
=

Induced Polarization
Resistivity L- 3
$

Om 10 20 30 40 " 50 60 70 80

5
10
5

Yukon Geol. Survey, Report MR-11, Case Studies, M. Best, 1. Fage and R.

0
Daigle; http://www.geology.gov.yk.ca/pdf/MR-11_web(1).pdf

2D Resistivity Imaging Profile, Willow Creek Fault, Mustafa
Saribudak, The Leading Edge, 2006

=

3400 3200 3000

60 80 100
Distance [km]

EMGS http://www.emgs.com/content/1234/MT

* * »
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Examples of Using NSEM to = )
Interpret Geologic Features /

D M W

» Salt Domes - Iberia Parish; Louisiana

*  Fluvial Deposition -Mijlam Co., TX

« Regional Trends - TX Gulf Coast

» Reconnaissance Mapping/Prospecting - Colorado Co., TX

» Mapping Faults - Hoekley, Salt ‘JJ e, Harris County, TX

* Rock Properties & Applications — Porphyry Cu & Sweet Spots
- Stratigraphic Mapping, Pro: pect Ge neration - Houston, TX

* * *
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NSEM Correlates To Geology: DAL
Salt Domes - Iberia Parish, LA SSURENENT

ekt n,.-t__,yg;"'. \| 7 .'\
. ,-‘ -~

_ Vs Density iaap shows, .- “ | - pshp s - %
nghtmng S;ri'kes Cluster' | & Ol gs in Smhx J:s .

rf’

~ T ‘m‘ YR T W
e .,-'—ﬂ—-l._/

.'f

9
®
3,
i
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NSEM Correlates To Geology:
Fluvial Deposition - Milam Cpo., TX

ff | N (4
" Lightning Attribute |

: .
 Rate of Rise-Time ﬁ'

Streams . Interpretation: fresh
Highlighted l water/point bars
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NSEM Correlates To Geology: ;
Alluvium & Cretaceous Transform Fault

Brazos River
Alluvium Aquifer

The black and yellow lines
represents a Cretaceous
transfer fault, separating lower
Peak Current on the west from
higher Peak Current on the
East. This transfer fault
controls the location of the
Brazos River & is why it is the
straightest & fastest river in
Texas & why there is a straight
line Brazos River Aquifer along
the river channel.

April 2017

’ . -

=
=

J

v

4 ’} A" .'
W 0 Yo
q

Absolute Peak Current

“““

Major Houston Highways
Faults — Ewing (1990)

E Salt Domes — Ewing (1990)

| Counties
0

25
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NSEM Correlates To Geology: D
Regional Trends - TX Gulf Coast ‘

Structure & Field Outlines _Lightning Strike Density
:-.‘;_'. o - - ' % . N ‘- - ) e ] . - ™ -4 ".':. " -~ o

''''''

Frio, [l

Wilcox = '§
Vicksburg- v

Ry
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NSEM Correlates To Geology:: v
Fault Patterns & Hydrocarbon Accumulations ASUREMENI]

Structure & Field Outlines Ligh{ning

Strike Density
. "‘)?\,' ‘,“‘f -"-L -t}“‘ 1‘.-.- .

4 P »
\ B R T, O/ e
L PRAtE A\ '3‘
<~;‘- *

(= As";- 7 <,.....n.. - :
(77 TR/ e ey e
1L =

‘3’ W\ T ol &
) 4; q. 'é_\ '
A

¥
257 4
-

Anomaly = Partial Prod. e _;g’\f;gs’:(.{%?"f e
o . - . . - 2N :b =N, 8
* Flts: Match Strike Contours St SN g s, S

S R e Bt - ¥
QAnomaIy - Prod. SR Wi ST ae

e, 4 .0"" ’ ‘ E p - g ):'63; -‘0 -
%~ :Prod. >-No Anomaly.-.* $35 5 _-&—""’«; \0:_5.,‘, -

4 ' . > »

an
-

[TANS

ﬂ--'—:‘

IS

= ST 2 L g T
I T e O s
"""" Lightning Lineations - The only well-defined anomaly that -.een Lightning Lineations

Subsurface Faults j does not correlate to production. === Subsurface Faults
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. \
Observations i 0

» Lightning strike locations are not random.
 Show NE/SW lineations Asimﬁr to field locations.

- Faults generally strike parallel-to sub-parallel to lightning
features; 2 curved fltsi %)/ coincide w. strike density contours.

Conclusions

» | ocal geology caninfitience where lightning strikes occur.
- Potential to locate'iydrocaroons (micro-seepage along flts).
 NSEM has potentialto de e subsurface. flt. patterns.

* * *
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NSEM Correlates To Gé'ology:
Reconnaissance Mapping/Prospecting
Colorado County, TX

.3
RACCODN BEND, 27
e \ e

v Y
SOERInN 10 *
P L'H;IL 4

.Ffi_p, Vicksburg & Wilcox Pr_Oducinn

Y =

S0 1 ATER BT | DA 10 | deg e

D

3 10 15 miles

C ——
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\
Effective Reconnaissance Mapping
Rise Time Prospect Scale Field Correlations

Field Locations
3-D Survey Outline/Fault Traces - "4

Rise time anomalies but no production,
possible false positives.

April 2017

Rise Time Attribute Map
GeoMap Field Locations

v Fields Correlating to Rise Time Anomalies

=== Alignment Aids

Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

=
=

87% of lightning
attribute anomalies
(Rise Time) correlate
to Frio, Vicksburg or
Wilcox production.

- *

AAPG 2017 48



* « |[f NSEM had bee

Observations 7;, ASUREN

* Rise-Time attribute map show on-random patterns.

 NSEM Iidentified 32 Iead In study area (¥¢/x).
Conclusions

» |f these leads were pursued with follow-up seismic data
purchase, acquisition‘andireprocessing, 28-32 drillable
prospects would have Geenigenerated.

utilized for reconnaissance mapping, at

least an 87% drilling sccess rate would have been realized.

* * *
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NSEM Correlates To Geology: N

V

Mapping Faults @ Hockley Salt Dome :
Houston & Harrls County

v Fau\t “A”
Hockley o s
Salt | e G
. Dome A

b bl L

§ Approximately 300 active §
| and potentially active *
faults in Houston area.

i e

e o
|:= 3,00

o list }
o 54 O = '.:"I'. E. EJ‘ 1' 330
e ¢ i : . : . -.; " w:‘ P ‘N __ ,-_'T:,__,#,.' -.,T‘ e ? }& e - '
. < - iy [ | o i - 3 ¢ p - N It -
g i I 7 ot A <8 |\ I e : 4F Sia= il B O
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NSEM Correlates To Geo\l}ogy: YN

Three Active Faults, Harris Co., TX ASUREMEN]I]
By M M N i oA L = | MW Map shows location of

three active faults that
have been documented
with near-surface
geophysical techniques.

The next group of slides
will demonstrate how
NSEM can identify these
faults in the subsurface.

* *
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NSEM Resistivity Profile Compérisons W

) A
NW NSEM data begins at 5,400’ ; SE &

N[}

o=

* == Approx. 5,400’ ey -'& =

-

B
AE — (V Similar resistivity patterns
é from line to line would be

- fine} 1> required to identify consistent
B TR ey T ) fault patterns.
. E o - o N
f —/\ i >,
]| TAY
: h j3 "\)'l e
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Pattern Recognition DV

NW NSEM data begins at 5,400’
# s Approx, 5,400" '
1 R

N[}

o=

Note similar patterns adjacent
to the intersection of lines 2
and 3 and where lines 1 and 3
©©® converge to the northwest.
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Resistivity Discontinuities & Offsets

NW NSEM data begins at 5,400’
- == Approx. 5,400" oo

i ASURENMEN]

Breaks in resistivity and
offsets could suggest faulting.

Can documented surface faults
& validate NSEM-derived
subsurface faults?

~—

4 ’g(,';‘:
Z
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Conventional Resistivity Validates NSEI\/I Interpretatlon YN

%X Conventional 2-D Resistivity Imaging Profile i REMENIR
Acquired by Environmental Servec
Geophysics Associates. Fault Scarp . USGS Survey
- @ H(Fir'tFAlt) Marker F1254 o . S —
ockley Fau e e b wp U s
0 300 360 480 540 Ohm-m 1 R ~ ¢ =3 iy Sy : g ° Extracted NSEM 2-D
0.0 ' =d 7» e - Gy I & - - - -
~' - di SR BT profile coincides with
679 - o T TSR L N location of published
oLs - EESEERR RS (ata and documented
s Tteration=4 RMS =691 /~~Normnhzed1.2 096 . e s":.;l T WA A 2 o oK L

surface expression of

After M. Saribudak, Leading Edge, ~<Feb 2011 L1#rofile (east-bound) .
active fault.

NSEM 3-D Apparent Resistivity Profile e Subsurface fault

Interpretation of
NSEM profile ties
documented active
Hockley Fault (“A”).

* Note NSEM fault
criteria - two resistivity
layer offsets

v - a— ) ! - Iy i = - . ———
> ’ . g - -
.’ : ‘ ‘ |
)
i —
- - : N Increasing
7400 fee o R
' E'_ 2,500 mebars LI ne 2 (/\\ ( ‘ ' ReSIStIVItL‘ * - .
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Lines 1 & 3 also Tie Fault “A” to §ubsurface

3 E
=
(o

No Data/”Mute” Zone

INw

-

(A3
‘. l .‘\‘ Interp

TAA\.

| Line

AR A, LY AAN AARR, .l.ll.\ . .. : AN A .8
» - - ‘\
. —— ™
~,
\\/ ‘
) 1 ;
- reted buried fau
\ id

3

\‘\‘ \\ Interpreted xuried faJ s

April 2017

MENI]

White arrow marks
Intersection with
documented fault trace.

NSEM demonstrates
consistency identifying
this active fault at depth.
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NSEM Line 2 Suggests Additional Faulting ]

3-D Data Provides Interpretive Checks & Balances NSUREMENT

Acquired by Environmental
Geophysics Associates.

101.8

2-D Resistivity Profile

13538

Additional faults suggested.

NSEM 3-D Resistivity Profile

700 feed

‘_'-‘.ﬁl'l'rl'l-ll'!r! Line 2

Fault Scarp (Fault “A”) USGS Survey

!

Tteration=4 RMS = 691‘% ﬂ\&)mmhzed L2 =096 /
After M. Saribudak, Leading Edge, > L1,Profile (east-hound)

l, \ \ ! : Increasing
/ \ \ A Inteer’eted buried faults Resistivity
I ‘ ‘ ‘ i \ | = L}

Marker F1254
Hockley Fault SE

300 360 480 540 Ohm-m
200

Filhe. B & A j_r"a'f

~, Feb 2011

©

}Are they geologically reasonable , internally consistent, valid?

“|'

April 2017
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MENI]

The same 9 color-coded faults
are identified on all 3 lines.

NSEM demonstrates internal
' )i ‘% .. interpretive and structural
= - | ol o il consistency and ability to map
faults at the prospect level.

“' e g '
: =0
Fos ‘ X | I ' . 1 ) > . “‘ “. _. . -
—— Lt : 4 - . aa
: ,f_/—,,' | i ';/ AN\ ‘ N\
! / l' ( -0 \“/ !
, & -
A s 1 / ., \ ; _
&l .. i —— \ ‘ ! i
| Line 3 e ‘ ‘\\ \ Interpretedburied faults |
] ] L) A 1
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NSEM Builds Reliable Structural iiramework

\ '
!

My

Ny

Interpreted buried fauh l
1

SE

-

3

-

April 2017

MENI]

Of 20 faults displayed on these
profiles, 19 defined by two
resistivity layer offsets; one by
three (see white arrow line 3).

3-D NSEM enables structural
and fault plane mapping.
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. \
Ground Penetrating Radar DV
Shallow Micro-Faulting Adjacent to Fault “A” ASURENMEN)

Hockley Fault (Fit. “A”)
A 4 GPR acquiie_d 0} nxir_onmen_tal Geophysics Associates - GPR/NSEM ShOW
== similar micro (shallow)
e s = ~—|— and macro (deep)
EEESE I ===~ == Sgi=  structural styles:
st S j—=——===u ——==—=  horsts, grabens and
=== half-grabens.

— —e—
— — -
= T - T e—— I ¥ | S———

——  — -

- ASP'Q-’__ — e T R o mie
: e ——————y —— el . —
— - - e — .

- o, -
= 00 - -

Modified after M. S&iﬁdékﬁééding Edge_,_Febi

011 i Ve oliees.
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Hockley Radial Fault “B”" o

=
=

A 1% mile distance along the

Fault “B” trace 1s sampled with
resistivity profiles.

Resistivity Lines 1-4 are
displayed on the next slide.

\’ 5 000 feet - Fault “B” location after M. Saribudak,
M 2000 meters Leading Edge, March 2006
Ll

* * "
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v ) el

T i

o ) el

T s ek

Hockley Radial Fault “B” Lines 1-4

Surface Fault Cut

. 2

Surface I}ault Cut

N[}

o=

Profiles %2 mile apart.
Note similar character.

April 2017
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Similar Character Spanning 135 Miles DN

Surface Fault Cut Surface Fault Cut

N[}

o=

Lines ¥2 mile apart.
Note similar character.

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 63



\
Numerous Features Correlate Line to Line

Surfaci Fault Cut Surface Fault Cut

N[}

o=

Lines ¥2 mile apart.
Note similar character.

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.
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Hockley Radial Fault “B”" o

N[}

o=

Now let’s review these four
| apparent resistivity lines to

~ determine whether they can
1dentify Fault “B” in the
subsurface.

As with Fault “A”, trigonometric
constraints based on depth, heave,
fault surface dip and sense of
throw must be satisfied.

1.1
] \’ 5,000 feet
¥ 2000 meters Leading Edge, March 2006

Fault “B” location after M. Saribudalk,

.

* *
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NSEM Profiles 1 & 2 Show
Similar Fault Criteria & Both
Tie Surface Fault “B.”

=
=

eeeeeeeeeeeeeeeeeeeee

......

. Line1 y

QoI U IoIoDmmmomoDoooooooooon 00 gy i

April 2017

| Line 2 |

NE
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NSEM Profiles 3 & 4 Show

Similar Fault Criteria & Both
Tie Surface Fault “B.”

=
=

April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

AAPG 2017 67




NSEM Profiles 1 & 2 Show

Consistent Fault Criteria for
Five Additional Faults.

=
=

Hockley Sajt Déme’

eeeeeeeeeeeeeeeeeeeee

Surface Fault Cut o
\;\(\

NE

----------
LLLL T v s Sanunnh,
........

{1 Line 1 N 2,500 metor: o Line 2
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NSEM Profiles 3 & 4 Show

Consistent Fault Criteria for
Five Additional Faults.

=
=

Surface Fault Cut

B ROReIIEtY "TETTTITPPITIPRAN
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Consistent Fault Criteria On All Profiles! [y

Surface Fault Cut Surface Fault Cut

N

o=

As many as 7 faults
consistently identified
on 4 resistivity profiles

spanning 1.5 miles.
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. .‘."";cc 99 D C
Hockley Radial Fault “C \SURENENT

o=

Apparent resistivity profile
“Line 3” displayed next.

* *
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2-D Resistivity Profile

NSEM 3-D Resistivity

NSEM Fault Interpretation Again Vé!idated ;
by Conventional Resistivity! | NSUF

Approximate Fault Location  Acquired by Environmental g
Geophysics Associates.

T ... romnswegue® N\SEM resistivity profile duplicates
i 2-D resistivity fault signature &
ties Faults “A” and “C”.

N

o=

Iteration=5 RMS=283% Normalized L2 =087

Resistivity imaging data taken across the Katy-Hockley fa;,. It. Note the south-dipping sand layers and thickening

clay layers in the downthrown side. After M. Saribudak, Fast : Times, Vol 17, No. 1, March 2012

2 .
L': -
(@] ¢ \
o \
o :
~ -\ .
| | o —
. - . - &e
Line,3 ..'.. p - ) "';'; rea * -
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Observations

VIENT]

 3-D NSEM resistivity data was able to tie surface faults and
extend fault 1nterpre atlon to deeper than 5,600°.

« 3-D NSEM fault crlte 2] vV. credible and at least as good as
conventional 2-D resisiVity imaging.

* In most cases NSEMfatltcriteria was based on the offset of
at least two resistivityZayers:

-

* * *
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Hockley Fault Conclusions

« 3-D NSEM resistivity can be mtérpreted
similar to 3-D seismic da /fo bund structural frameworks.

* * -
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NSEM Correlates to  4rleliC.

Rock Properties:
Mineral & Unconventional
Resource Exploration

1]@‘1] :

SR u' Wﬂﬂﬂ%ﬂ@” W1
' ‘ 33
] %@@
K Oz PGP o
/l( 2 SONILTON L4 s y ] ul ,-\(,'l]\,'i_f (_"');')}")ijr ,\jj“ij Z

728 0f Irtere st wme oA
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DN~ 5
[ Sogle PRUEC L Say I \¢ '@\1992\
Pl . ] ! - 'ﬁ o
7l e o's.r"

| -

* * *
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\
Mapping of Porphyry Copper eposits S UREMEN]

« NSEM isalso a patent pending rock property mapping tool.

G D of the general geology of
the near-surface geophysical
dentify them, a case study in

» Following a brief de
porphyry copper depc
exploration tecr
Pinal Co., Az

-

v "y \ ol L oy T
g 2 P gl
o <.

- *

*
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Formation of a Porphyry Copper Deposit N

High-Grade

Mineralization Low-Grade /E/
Stratovoleano N L T Mjneralization :( rosion strips away overburden subjecting low-grade
v I L ~~ mineralized areas to weathering.

Sandstone _*Rainwater leaches Cu and redeposits it below at the water

:I:im.ﬂ-.t.nn;-. - _-_~:'- ——11t+1 table, creating concentrations of high-grade Cu deposits.

Zone Above Water Table Leached of Copper o
High-(rrade

/-\-*mr Table \\ Enrichment

—— . S—

Sandstone

Mineralization

/ “Porphyry
Schist  Magma Y

After Stephen J. Reynolds, Dept. Geology, Arizona State University

I Limestone

* Magma chamber feeds upward intrusi
rock into shallow sedimentary rocks.

* Magma & associated hot mineral-rich fl Schist ! Granite Original Low-Grade
contact with host rocks & generate chemital/mineral [Porphyry~ Mineralization B
#changes creating low-grade copper mineralization. * - . -
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Porphyry Copper Resistivity Signature e

IS URENEN]
A IO 00 T
US 20090251146 i
as United States ThIS pro_ven and patented_
a2 Patent Application Publication (o) Pub. No.: US 2009/0251146 A1 IRAUUEEWNIS QA [Nl
Morrison et al. (43) Pub. Date: Oct. 8, 2009 technigue maps porphyry
DETECTION OF PORPHYRY COPPER (22) Filed: Apr. 4, 2008 COpper depOSItS via resistivity
sourced from natural
oo v B Moo, Sl o0 mec . electromagnetic fields.
Correspondence Address: (57) ABSTRACT NSEM duplicates thl 2
};:]11{;{:'&[1?:(\:;}:{:? . INTELLECTUAL A method for identifying a possible porphyry copper deposit techni que fOr a '_fraCthn of the
.lulf:l:u:tllllts FARGO CENTER, 90 SOUTH SEV- 1:1111:::11::: Ii:l.::uﬂu]:i::: uf.llrﬁ_':.r:irhl:lf :ﬁﬁlﬂfﬂm cost via reS|St|V|ty sourced
MINNEAPOLIS, MN S5402-3901 (US) :iiiill::‘,i]::::.‘l"h'!}i EhaassaouNeAI  from existing lightning strike
Assignee: ':;r}{la_-r'nltﬂ'lll_.::i]t;hl'-rm;-I.Imit-'ed.HT..  anelTes o R ; . . databases.
fichael (BB) " predetermined re - Siznature neludes a Mizher resietit
Appl. No.: 12/062,795 ""u [vily outer region
* -
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Total Porphyry Copper Signature DY
Multiple igneous intrusions present
« Contact metamorphlsm/alteratlo halos.

=
=

OQUIRRH MOUNTAINS

{Mostly Pennsyhvanian and Permian
quartzites and carbonatas)

Cross-section 77 Map View

Propylitic

Low pyrite - Phyllic ictivsi
outer zone ; / \ \ LOWGF ReSIStIVIty Ha|0
, , / ' Potassic \

AJ--*

Pyrite halo ar@und

CODPEI' OrebO(]iy, Ib\PIFI;:in ( EIH'I.' j

High pyrite |
intermediate |
wone

|E"l

Higher Resistivity

l
Low total sulfide |\

e 3 KILOMEETERS
innermost zone 2MILES
Typical porphyry Cu

deposit showing —
alteration zoning (after Deep chlorite-quartz-

Lowell & Guilbert, 1970). magnetite-K-feldspar

Geochemlcal zoning around the Bingham Canyon deposit,
Utah (modified from Cunningham & others, 2004, their
Fig. 1). USGS Report 2010-5070-B , David John, Editor.

* * >
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Simplified Porphyry Copper Depaosit Model
Typical Rock/Mineral Zones & Resist}ﬂity Signature

‘ D

=
=

Conductivity anomaly surrounds
more resistive ore body in center.

Distance along survey line (m)
Pre Porphyry 200 800 1400 2000 2600 3200 3800 4400 5000

ra
[«

O o 900 ] & LD
.l\.) )
o IS
Apparent resistivity (ohmm)

o
£
o
o
[+ N
(D)
=

[+

no vertcal exageeration

—
o
S 1 i S .
—
o
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Case Study: Resolution Copper Mine DV

Pinal Co., AZ | ASUREN

[T}

B8 i)
. i1}y (564 <NraF
n

I LIHN022

"
! , i
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FUF ~ oo ] .
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-
wm SN 1 017 (057 . ¢ il Y | :
ot e 1J ™ i R Absmneiing. 2010S008  7m0)
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Positive Peak Current; - DY
Resolution Copper Mine | - ASUREMENIT]

Geology Influences
Peak Current

’

' Hydrothermal Alteration
. & Dike Interpretation

.’Eu perior

-

ak Current Pos.

-

¥ 2 | : * = -7 * *
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Negative Peak Current D
Resolution CopperMijﬁe ASURENEN]

- ] h

3 - . AR e~

Lightning attribute
. pattern unrelated to
. topography.

Pyrite halo
partially enclosing
copper orebody.

Presence of dikes,
Indicative of

porphyry copper.

eak Current Neg.

- *
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3-D Resistivity Profile Through Mine DV
Reveals Porphyry Copper Signature ASURENIEN]]

Inner copper orebody
and outer pyrite
conductive zone.

High *
Resistivity

TOITTTe I AV YR .

2 ¢

3 T Porphyry — Outer Conductive  §outh |

* Pyrite Zone \

/ I ‘ !

' |
Low

Resistivity
[y v Z - }
e . - *
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Mapping Rock Properties with Lightning

4

) -  § : :
o y % -v". - 7'_‘.- ""
.‘ High 3 2 \ - a.' "—.—
* Resistivity = ]
o -
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»
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Low I : J
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Copper Deposit Analog

Romero Resistivity Trend, Dominican Republic

Lower Resistivity &

7~ Higher ]
Resistivity ./ /'~

April 2017

Higi\ Résisiﬁ:ty S
—

After Geotech 2014 ZTEM Survey for Goldquest (www.goldquest.com) , Seismic Resistivity
Signature of Romero Au/Cu Resistivity Trend, Dominican Republic,
http://www.marketwire.com/library/MwGo/2014/4/14/11G014504/Images/GQC-2014-
ZTEMSurvey-ResistivitySignature(April1520-1141602677010.j

*
Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

‘ D

N

o=

Traditional resistivity
profiling shows same
Cu signature as NSEM.

Note same inner high
resistivity core that is
surrounded by a lower
resistivity halo.

* . .
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Observations

* Annular lightning attribute clusters suggest lateral resistivity

» Linear trends of positive " ‘negative peak current believed to be
guided by Igneous dikes/sills emplaced during igneous intrusion.

» 3-D NSEM resistivitysdataisnows same electromagnetic signature

* * *
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Mineral Exploration Conclusions NNt

* NSEM data has the potential-to explore for any mineral
commonly found by\conv

.
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The Same Rock Properties Influencing NSEM 210
May Help Define Unconventional Sweetspots

N

o=

*BEG publlcatlon defines L. Austin Chalk Resistivity volume transect through Austin Chalk
& Eagle Ford Shale exploration swe spot _—— s
model in Maverick Basin. - - | s

- High resistivity, productivg interval:
. Austin Chalk/U. Eagle F:

BEG’s South Texas sweetspot modgl:

-
=
=3
(7]
£
o
o
()

« High Total Organic Carbon
« High Acoustic Impedance (Brittleness)
« Low Bulk Volume Water

*After Ogiesoba and Eastwood, see reference cited below.

*“Seismic multiattribute analysis for shale gas/oil within Austin Chalk & Eagle Ford Shale in a submarine volcanic
terrain, Maverick Basin, South Texas,” Osareni C. Ogiesoba & Ray Eastwood BEG, Interpretation, Nov. 2013.
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Unconventional Exploration Conclusions ik

i 0 M

 NSEM can provide apparent resistivit /naps of unconventional
reservoirs in depth & 2-way time fer calibration to logs & seismic data.

 NSEM apparent resistivit ',.nlin,égggline,s,& arbitrary lines can tie well
data & be displayed, interpret€ge& integrated with well logs & seismic data.

"

« NSEM can be used as a recopfiaissance mapping tool to high-grade resistivity
sweet spots for subsequentin-depth evaluation.

- NSEM can be employed inGtherbasins in search for Austin Chalk & Eagle

Ford Shale sweet spots.

«  NSEM can be similarly utilized in search for sweet spots in any
unconventional trend relyimigi ON reS|st|V|ty as a kKey predictive tool.

* * »
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Stratigraphic Mapping & .
Prospect Generation - North Huston

Mapping subsurface fault |
Calibrating to known s:sf‘” alLsystems
Mapping resistivity slfJC)lst!JJQ'S
Prospect generation!

. n .
o ‘
S
7

*
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Active & Subsurface Fault Mapping o

VENT]
North Houston, Harris County, T
General Area of Interest
Approximate

Location Map

* *
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NSEM Maps Stratigraphy & F{,aults O
North Houston, TX /

MENI]

JfE0YT@w s s E@E L T}
TWT {ms hel
|

Houston

2261 484
I |

= Addicks Fault @ Surface
South |

Surface 2

April 2017

\ *

Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

Crossline extracted from
Houston area 3-D
resistivity volume.

Solid black fault
Interpreted on NSEM
profile ties documented
active fault in N. Houston.

NSEM maps subsurface
faults, pinchouts & again
demonstrates ability to
map stratigraphic traps.

- *
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3-D Fault Analysis Quality Control DY

A DEN/
V)
Triangulated Fault Segments & Fault Plane Maps
I ° Thls reS|st|V|ty I|ne is located Wes1/f previous profile.
?WZ:';:U[’DEVU’JD-:Q North\ G e B .S.urfa;ei. L e e e e SoutH@

¢ 300,000,000 &

7

TSR T N

-~
"

SRra0%s@e
TWT {ms below 0 feet)

- The same quality control techniques used by seismic interpreters

xL-a6s  during fault analyses can be employed during NSEM interpretation.

6000 5500 5000 4500 4000 3500 3000 2500 2000 1500 1000 SIDO

2,000 feet
WAL -

500 meters
e 0 2,000’
Alg [ — [}
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NSEM Reveals Structure & Stratigraphy (UL
Potential Faults, Pinchouts & Resistiyvity Anomalies

‘olor Bar /] _L_f . R —_— T . Houston3D -
B AMPLITUDE/1.. :: ;:i1 i d}b.’- v ‘Aii dtw;; w T-‘-H 146 [ o ‘ub i 4tw.~; g ‘;:‘7 i 4tx;l. - ‘;;tw E MJ-. Ca ’J:I- . ‘;1 L P 1 :4}3;[ w ‘.‘I.H;w.' Ml ‘ Su rface Fau It Trace Intersectlon
l 00,000,000 !!l @
¢ 300,000,000 | © ||| © Q_NO rth Surface ‘ SOUth
s V| [ 5
By e

rTOL NS s A

-~
v

SRraOe@e =
TWT (ms below 0 feet)

6000 5500 5000 4500 4000 3500 3000 2500 2000 1500 1000 500

. g This resistivity line is located west of previous profile.

-
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NSEM Generates Prospects

April 2017

These apparent resistivity
profiles show preliminary
mapping of a high resistivity
anomaly in North Houston.

Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

A 0 M W

This shallow high apparent resistivity
anomaly-based prospect, likely
containing gas, was discreetly generated
in a large city w/o “boots on the ground,”
surface or mineral owner authorization
or delays related to infrastructure,
government regulation or permit fees.

Preliminary analyses of the NSEM
electrical rock property volume indicates
the presence of a stratigraphic trap based
on the apparent high resistivity pinchout
in four directions. Additional geologic
support for this prospect and the
inherent support for the validity of NSEM
as an unconventional geophysical
exploration tool, is provided by
consistent fault patterns observed on all
cross-lines. Data interpreted by Roice
Nelson, CEO,®ynamic Measurement, LLC
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Additional NSEM Applications |

Exploration & Enhanced Oil Rec very Operatlons

» Hydrothermal Dolo;ﬁl es /
» Monitoring CO, Injectiof

&-—,/’l-

*/’r :

N :
- * -
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Hydrothermal Dolomites DY
Large Resistivity Contrasts msp NSEI\/I Anomalies |

Schematic cross section through a hydrothermal dolomite reservoir,~

=<
=

Seal (e.g., Shale) Variable
Tight leestun_e. B i 806000
Porous Limestone/
- - Dolomite
Tight Limestone , f
Coal
<« e
Porosity/
- Halite 1I] ,000-inf.
Dolomite i
) Anhydrite S I < "] g

Gypsum [* 4 N A 1I]I]I]

Variahle

Chamosite-
Rich Shale

Sandstone ,
with Pyrite

Adapted from: Petrophysics MSc. Class Notes, Chapter 19.3;
Electrical Logging, Dr. P. Glover, University of Leeds, UK

e
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CO, Enhanced Oil Recovery Operations DV
Monitoring Operations with Electrisal Methods

2-D Crosswell Electromagnetic Imaging
(a) August 2000 (b) April 2001 (c) Difference image
G . > 2

=
=

Electrical methods such as
Crosswell Electromagnetic
Imaging & Electrical Resistivity
Tomography are useful for
monitoring the migration of CO,
In the subsurface.

Well depth, meters

. B DML can generate multi-year time
U2, morwell apacing, maters R lapse maps and support EOR
.20 25 30 a5 MO0z os operations at a fraction of the cost
of competing techniques.

Resistivity, ohm meters Difference, percent

Adapted from: “Locked in Rock Sequestering Carbon Dioxide Underground,”
Science & Technology, May 2005, p. 12-19, A. Heller. * -
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Current DML Projects / MEASURE EN[I

« Seguence Stratlgraphy - Hockley, Texas
 3-D Seismic Call tlo iP m gﬁct_/Sfouth?exas

s
! 's?,

* - *
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Hockley, Texas ) ASURENMENT}

* Recent evaluation suggests NSEI%may have resolution to identify
and map erosional and depe_monal features.

» Successful seismic |nt\pr a’tl/c;ns often require distinguishing
between stratigraphic and8tructurally influenced features.

» An alternate stratigrapfiic/fault interpretation of NSEM is offered,
demonstrating its additignalipotential to identify stratigraphic traps.

* Aftinal interpretationwalliuespresented once all data has been
thoroughly reviewed and" 'ed With available seismic data.

*

* *
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Sequence Stratigraphy \" ;

Acquired by Environmental

K2] Geophysics Associates. Fault Scarp unm USGS Survey
= (Fault “A”) Marker F1254
o @ Hockley Fault SE
o 300 360 480 540 Ohm-m
>
5=
=
o)
(7p]
%)
O
x
5 I RMS = 6919 Normalized 1.2 = 0.96
Y teration = 9 ormalize
Ml After M. Sarlbudak Leading Edge, >« Feb 2011 L}'ﬁ" ofile (east-bound)

Approx. 5,400’

=i ,/f—’;#‘

3 . —
= v
? ‘ / \‘
- - 7- “\\)\/ Unconformity?
.
1

NSEM 3-D Resistivity Profile

1 o @ Resistivity offsets
FLA00 feed - \ Truncatlon \ J‘
2,500 el I_l ne 2 \ Downlap ‘\‘ Interp|eted buried faults
.

Increasing
Resistivity
L}

3
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NSEM 3-D Resistivity Profile

Mapping Stratigraphy with NSEM? i
" ASUREMEN]

Acquired by Environmental

R Geophysics Associates. Fault Scarp o USGS Survey
= (Fault “A”) Marker F1254
o @ Hockley Fault SE
o 300 360 480 540 Ohm-m
>
=
=
)
(7p]
‘©
D
x
= 1 4 RMS = 6919 Normalized 1.2 = 0.96
g teration = S =691% ormalize =0, ’
B After M. Saribudak, Leading Edge, >~ Feb 2011 L/?f’roflle (east-bound)

~ tead L
Strike line parallel to channel. * ) Potential identification of stratigraphic traps?

i e e Approx. 5,400’

—_— e e e e e = = = . : ; — ” milzsE X —

AL SLE T, SRR R TR : r =
= R e S - "\\‘ '\
- 4 ‘\N ______ Slump =~ "t Unconformity?
e \ o *® Resistivity offsets Increasing
- o v — L' 2 \ \ 1 Interp"eted buried faults Resistivity
2 600 b Ine 3 \- Downlap 1\ i } ry
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Fluwal Analogues

e T S S v - s A
. a1 ] < <
(3 ’ - ' r e R -
T TR AL AL 4
g o AR 0 &5 . .
A g 0 ) AT ¥ - »
g i J \ »
i w3 f)J —— )
: ) x ) ] 3
o o! - 7 SR A S Nt e
L Ty ‘j 5 Yo ) e/ Y LR b % =
< 4 e ¥ ) 1 E
\ “\‘ ! : l Y i 4 1 pra ':. OSSI e ana O ueS
\ e B T
\ a0 3 ' R PG 8
L -.

‘M ie‘ mm" Ay provided by nearby

an ‘ A~ . . Brazos Riverand other
Pt [T R SR St | meandering fluvial
e O | o systems.

| ERe)A  e
) e

Line 2 possibly parallel
to paleo-channel,
encountering 3.6 miles

3 ? . = B - v | of coalescing point bars
ThIS stratlgraphlc interpretation of line 2 would imply the series of faults interpreted down- ) LG

thrown to the yellow fault on lines 1 and 3 (slide #55) would have died out to the NW before | within meander belt.
reaching line 2. Lines 1 and 3 converge to the NW and not surprisingly show similar
character downthrown to the yellow fault. Their character here is sufficiently different from
that of line 1 suggesting this alternate structural and stratigraphic interpretation is plausible. * *
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3-D Seismic Calibration

Bureau of Economic Geology”
South Texas Stratton \Prj A=
Public Domain 3-D Seismje Data

e Resistivit

R
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Resistivity Slice

T8$TTOR I BT IV HE L Peomn:
2P TR = 1

e
(SIS |

)

S ‘Q | Apparent resistivity
_ shows non-random

.'% patterns.

) Laterally varying
" L & electrical properties
L e :
1/‘\) of sedimentary
" rocks, and their
. associated fault

surfaces, influence
=~ NSEM.
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_High Resistivity

Potential to Map Faults w. Resis iv'ty Slices

PESETTOR I EV IV HEE VPO
& OB S 1

Tow Resistivity
April 2017 Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved. AAPG 2017 107

(RIS |

s ® Map1(TVDSS)

Distribution of high
& low resistivity
@ ~— lineaments suggest
- geological influence
on lightning & the
presence of faults.

Note: data currently
— being integrated

~+ with BEG seismic/
= subsurface dataset
to 1dentify nature of
NSEM patterns.

- * "




TSTTOR I BT UV HEE L POoRE:
& TOBS S g !:

a)
e

April 2017

Copyright © 2017 Dynamic Measurement LLC. All Rights Reserved.

High resistivities
possibly assoc. with
sandstones, i.e.
potential reservoirs.

NSEM resistivity slice
analogous to time
slice, showing
distribution of
electrical rock
properties.

Interpretation is

. obviously speculative,

subject to seismic &

subsurface data

validation (currently in

progress).
.

-
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NSEM OVERVIEW SN

« NSEM can map regional & individtél faults, rock
properties & the presence of orebédies; It can generate leads, &

& Integrated with, seismic &
field & near surface geophysical data.

« NSEM can be calibrated t
subsurface geology, potenti

h otheridata; it can narrow down feasible
interpretations, high grade*prospects.and reduce drilling risk.

* * *
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Lightning data is available world-wide and can be
utilized as a reconnaissance tool to generate leads as
part of frontier, new venture and exploration programs.

* *
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Any Questions?

* * >
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Dynamic Measurement, LLC.

For questions regarding:
Proprietary/Speculative Data Sales _ .

: : | > Consulting Geophysicist
Project Design/Management '\ S Houston. TX
Seismic, Subsurface, NSEM Data¥n fétion Office: 281 370-5296

Seismic Structural/StratigraphicAnterpretation C_eII: 82 352'3795
: r , | ljberent@dynamicmeasurement.com
Conventional/Unconventional [-ead/Prospect

Generation rent-geophysical@earthlink.net

Exploitation Mapping/Drill-SitefDelineation
Detailed Fault Analyses

Contact:
Louls Berent

" .
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http://www.dynamicmeasurement.com/
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This presentation supports the ps/tgr Sessions tltled

“Harnessing Lightning in tl e E It ”’ﬁydrocarbons and

“An Unconventional Exploraty dn Tool for Unconventional Exploration,”
both presented at the 2017 anitial AAPG convention held in Houston,
TX, on Aprll 34 and 5t réspectively. |
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