Great Scott, back tb the future with a
1.21 “jigawatt” bolt of lightning!
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Lightning Sparks Interest in the
Unconventional Mapping of
Active Subsurface Faults.

_QUIS J. berent
. Roice Nelson
Dynamic Measurement, LLC
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Presentation Objectives
* To point out how Iightniré IS neither random nor

predictable and that gdlogy can play a significant
role in where and hoy

. * *
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Outline
Lightning, and why it is tracked, stacked & mapped!

Natural Source Ele ctr agnetlcs (NSEM) —
a new geophysu:al data-type. -

Using NSEM to interpret geo ogic features.

-‘ - - . .
4 ’ *|/If
* X "
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Lightning: an atmospheric discharge of
electricity that ionizes the air to create
highly conductive plasma/c’hannels.

3 1:1'::21 + 3 Hot moist air rises: freezes to
- INTER-CLOUD STIIKE I form |Ce Crystals

{CLOUD-TO-CLOLWDR

T+ + S+t

:\i/g;litnﬁ\cg; Turbulent winds: ice, halil,
strikes are WEIE] droplet collisions.

“negative,”

e ©  Clouds become polarized:
+ 10ns carried to top clouds,
TG 1500 70 G /7 - 1ons gravitate to base.

LI..II'I'HIHG BETWEEH GROUND AHD
HEGATIVE CILAGE CENTERS

Static charge buildup: when
charge strength exceeds

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

Adapted from: NASA, Global Hydrology Resource Center Website, Lightning & atmosphere, SUdden hlgh'

Atmospheric Electricity Research, Description of Lightning Discharge Process Voltage static di Scharge.
(https://lightning.nsstc.nasa.gov/primer/primer2.html).

& *
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Nature of Lightning
“Step Leaders” & “Streamers”

Intensely charged channels of Rising stream of positive charge
downward Zig-zagging/branching attracted to downward seeklng

electrons seeking positive ionsto - €lectron step leaders when step
leaders within 30’ to 300°.

discharge built-up static energy.

Step
Leaders
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Failed Lightning Stf‘;i kes & Streamers

%

N
— - - - .
.. «
. ]

19-September-2016

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

Rising Streamer launched from
Streamers telephone pole also does
not connect - no strike.
o]
K *lllustrates competing
factors influencing strike
§ 4 location, one of which is

“ geology.

* * *
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Why is lightning tracked & mapped?

Uneven CG Distribution, But ot Random

ATl « Storm Tracking

» Safety Warnings

* Insurance

Y + Forest Fire
Forecasting

* Hurricane Tracking

* Research & now...

* Natural Resource

1 billion annual strikes “gmmngﬂos,;ew H,‘;,, — BN Exploration!
350 million annual C-G I:—

04 1.4 5

P | * * *
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25 Million Annual U.S. Lightning Strikes

17 Year Database, Rich Database to Mine
J

Vaisala's National Lightning Detection Network (NLDN)
Cloud-to-Ground Lightning Incidence in the Continental U.S. (1997 - 2010)

Gulf Coast Database:
200-350 strikes/square mile.

Strike density regionally
controlled by meteorology, but
locally influenced by
geologically-sourced
perturbations of the Earth’s
telluric currents.

5 Lightning Strike Density Map /3101 5

'

& . * * *
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How Lightning Data is Collected
National Lightning Detection Network (NLDN):
115 Sensor Loce}a’tions In U.S.

\ -
| / )
] 1 ]

Sensors within 600 mi. of strikes contribute to triangulation.

Empirical results'show'location:error from reasonably dense database 35-70’,
X y v
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Geologically Controlled Telluric Currents
Primary Lightning Influence

. Thermosphere

Mesosphere

Altitude (km)

Stratosphere
/ Biue Jet

Troposphere

Wikimedia Commons
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Lightning bypasses tall objects and. ..

'.,':-,T‘. : ;‘;’ ’/ oy
= & ¢ A\l (o
C : Pfé - - ' > ?” y
* * * *
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...Infrastructure expectec\b to attract lightning.

F : x . *
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Lightning Strikes Are Not Random

Influenced by Lateral Chang s/ In Rock Properties:
* Faults |

e Fracture Swarms
« Salinity |
* Pore Fluids
* Porosity

»  Permeability
* Mineralization

* - *
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Telluric Currents, Lightning & Geology

Earth Currents Modified by G}ezlogy m) Prone to Lightning

Lightning and Faults - Lightning and Salt Domes

r +15 Km

™ +10 km

i
af

‘_‘/

’ 1.'. g 5 =
Possible increased strength &
number of lightning strikes

Thunderstorms {1 ' A lgn Thunderstorms e 4+ +5km

Sea Level

| -5k Interbedded
Sands and
Shales

Electrotelluric Currents

possibly guided by fluids ; : N ¥

moving up fault planes E Electrotelluric Currents
-20 k' possibly guided by Salt Domes

& . * * *
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NATURAL SOURCE
ELECTROMAGNETICS (NSEM) -
A NEW GEOPHYSIC@(t DATA TYPE

| Big. 1 9. ELVES
A O O A A

1R 11.1ONOSPHERE

8. MESOSPHERE

a2 United States Patent (0 Patent No.  US8344721B2 A fC e
Nelson, Jr. et al. (45) Date of Patent: Jan. 1,2013 © el e

. THUND!
SURFACE me EneTo

{(54) METHOD FOR LOCATING SUB-SURFACE Int. CL
NATURAL RESOURCES GOIR 31402 (2006.01)
01)
(75) Inventors: H. Roelce Nelson, Jr.. Houston, TX (US); i A (2006.01}
Joseph . Roberts, Housu (LS 52) USB.CL ... 324/F2; 324/71.1; 702/4
D. James Siebert, 58)  Field of Classification Search ...|.... ]
F. Massell, Conroe : 1; 702/
LeRoy, Houston, | wslie R. See application file for complete sparch history. Ll 2. TELLURIC
Denham. Houston, 1 3 ) 3 it3i] CURRENTS
Ehrlich, Salt Lake City, UT (US); References Cited WA
Richard L. Coons, Katy, TX (US)

MOHOROVIEIS DISCONTINUITY

U'S. PATENT DOCUMENTS 1. KIMBERLITE PIPES

Proven &|Patented Technology

* * *
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Lightning Attributes; & Measurements

* |_ocation

W\

. TI me/ DU ratlonf g = ’ Peak 1o Zero

Rise Time

* Polarity

Peak Current (negative for most strikes)

* Peak-to-Zero

 Density

X * *
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Resistivity & Permittivi\ty/Vqumes
Easily Integrated with 3-D Seismic & Well Data
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Examples of Geologic Features
Identified by NSEM
/na

* Iberia Parish, LouiSian:

* * *
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NSEM Correlates To Geology:
Iberia Parish, LA Salt Domes
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NSEM Correlates To Geology:
Milam Co., TX Fluvial Depositional Patterns

-
Streams 2 | Interpretation: fresh
Highlighted ~ water/point bars

b s, T

M:.
6 8 2 3 & ol

-
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NSEM Correlates To\GeoIogy:
Similar TX Gulf Coast Regional Trends

Structure & Field Outlines

L R ”“
. :

!.i/ghtning Strike Density
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NSEM Correlates To Geology:
Colorado County, TX |

Enlarged

S, %
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1]5 miles

*
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Reconnaissance I\/Iapbing
Rise Time Prospect Scale Field Correlations

Field Locations Rise Time Attribute Map

3-D Survey Outline/Fault Traces N .3 DO /.1 | GeoMap Field Locations
7 N ., S NN 3-D Survey/Fault Traces

Rise_time anomal_ie_s but no production, ‘ Y% Fields Correlating to Rise Time Anomalies
possible false positives.

= Alignment Aids

87% Rise Time anomalies correlated to Frio¥Vicksburg or Wilcox pfoduction.
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Observations .
* Rise-Time attribute map shows non-random patterns.
 NSEM identified 32 Iea@gin study area (%/x).

Conclusions

higher, would Af—;‘c reallzed

¥ .
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Houston/Harris County Area Active Faults

Fault “A”
Hockley <

Salt

,‘ Approximately 300 active &
# and potentially active ‘
faults in Houston area.

{ v
¥

| Rt o L Ty
L e RS R 3

* *
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NSEM Correlates To Geology:
Three Active Faults, Harris Co., TX

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.

& . * x *
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Line 2 Ties Active Falilt “A” to Subsurface
i

% Conventional 2-D Resistivity Imaging Profile
Acquired by Environmental Serve
Geophysics Associates. Fault Scarp USGS Survey

(Fault “A”) Marker F1254
NW @ Hockley Fault SE

0 120 180 300 360 480 540 Ohm-m

Tteration=4 RMS = 6.91%  N{ormalized 1.2 = 0.96 :
After M. Saribudak, Leading Edg;}*s eb 2011 : leproﬁle (east-bound) &
_NSEM 3-D Apparent Resistivity * }

Fault interpretation
validated by
conventional 2-D
resistivity imaging.

/I\ Increasing
Resistivity
e

. *
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Lines 1 & 3 Also Tie Fe{ult “A” to Subsurface

White arrow marks
intersection with
documented fault trace.

- = {p—\f?/ J:’ Tr ~ NSEM demonstrates
consistency identifying
this active fault at depth.

I~ \ »
g™ v
' Linel J3%0teu q '\, Interpreted buried faulh )

s r S | | — A ’
o/, “ » 3 3 > > 3 N\ ’
Ae l.lne 3 7 €00 fool m ‘\‘\‘\ Interpreted buried th\/W

+ . * * *

-
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NSEM 3-D Resistivity Profile

4

NSEM Line 2 Reveals Additional Faulting
3-D Provides Interpretive Checks & Balances

Acquired by

B=] Environmental Fault Scarp (Fault USGS Survey
Geophysics Associates. “A”) Marker F1254
NW ﬂ Hockley Fault SE

0 60 120 180 240 300 360 420 480 540 Ohmim
0.0

339 -

679

Depth (ft)

101.8
1358

2-D Resistivity Profi

Ttoration =4 RMS = 6.91% “Ngrmalized 12 = 096 ¢
After M. Saribudak, Leading Edge, Feb 2011 L{,Profile east-bound)

3-D resistivity volume
facilitates validation of
fault interpretation.

The following slides demonstrate
NSEM consistency identifying
subsurface faults.

-5,400°

rrrrr
--------

i

Increasing
Resistivitya)

sasnon: | Line 2
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Lines 1 & 3 Also Reveal Additional Faults

 nw
' The same 9 color coded faults
are 1dentified on all 3 lines.

NSEM demonstrates internal
interpretive & structural

consistency & ability to map
faults at the prospect level.

& . * * *
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Hockley Radial Fault “B”

A 1Y% mile distance along the
Fault “B” trace is sampled with
resistivity profiles.

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

5,000 feet Fault “B” location after M. Saribudak,

2.000 meters Leading Edge, March 2006
+ . * * *
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Hockley Radial Fault “B” Lines 1-4

Surface Fault Cut / Surface Fault Cut

NE

No Data/’Mute” Zone

Data Onset
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Similar Character Spanning 1.5 Miles

Surfa§ Fault Cut / Surface Fault Cut

No Data/”Mute” Zone
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Numerous Features Correlate Line to Line

Surface Fault Cut J Surface Fault Cut

NE
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Hockley Radial Fault “B”

Now let’s review these four
{ apparent resistivity lines to
-_determine whether they can
identify 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.

D { J’L
L | Fault “B” location after M.

? 2:23,;1;‘3,‘,,,8 Saribudak, Leading Edge, Mar. 2006

V

+ . * * *
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Linesl&2
Consistent Fault Cri'teria
Both Tie Surface Fpult “B”

Surface Fault Cut L\ J//~ Surface Fault Cut
3

Data Onset
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Lines3&4
Consistent Fault Criteria
Both Tie Surface liaﬁlt “B”

Surface Fault Cut L\ 2//'
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Lines 1 & 2

Additional Faulting?
Consistent Fault er/i eria?

\ V4

i el
Surface Fault Cut \ /

19-September-2016

Copyright © 2016 Dynamic Measurement LLC.

GCAGS Corpus Christi
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Lines3 &4
Additional Faulting Suggested
Consistent Fault C}rfteria

v

——_

B,
k. kL
Surface Fault Cut \ / |

Q NE |
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Consistent Fault Criteria On All Profiles!

Surfyzault Cut
s s many as 7 faults
consistently identified

RLETEE® on 4 resistivity profiles
spanning 1.5 miles.

19-September-2016

¥ x Y
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NSEM Ties Fault “C” to Subsurface

Approximate Fault Location  Acquired by Environmental g
Geophysics Associates.
120 180 240 50 Olmnm

B NSEM resistivity profile duplicates
2-D resistivity fault signature &

Silty Sand

2-D Resistivity Profile

lteration=5 RMS=283% Normalized L2=087

Resisti ata taken across the Katy-Hockley fa;,lt. Note the south-dipping sand layers and thickening

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

l('

Hockley Salt Dome

NSEM 3-D Resistivity Profile
]

+ . * x *
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Hockley Fault Conclusions

e 3-D NSEM resistivity can be Interpreted
similar to 3-D selsmlcﬂata to build structural
frameworks. . W/

* It s scalable & Canyprovide both reconnaissance
data for follow=tipidetailed geophysical evaluation
or it can focus on’Specific faults & previously
identified anom"l'es

* * *
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NSEM ldentifies Stratig aphy &
Faulting In Houston, TX

Crossline extracted from

~ 3-D apparent resistivity
volume in northwest
Houston.

NSEM identifies
subsurface structure,
tratlgraphy & rock

XL-484 2000’
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NSEM Correlates

To Rock Properties:
Ineral Exploration

nghtnmg Attrlbute Map Id;entlﬁ' ydrother 13

K 4 / ;
SoNLion, Copper i Active Copper. Mine "' Alteratioti’ Associated 1yry-Copper Dgﬁégif T
3 ’)’ I,, tey l ‘\t { J [ 1992 ﬂ { knagerywe 2174 2013 33°18'03.73"N 111903111.26" W elev 3972 eye'alt 119S9h (o]

' e gD | | * - * ’
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Porphyry Copper Deposit Signature
» Multiple igneous intrusions present.
* Contact metamorphism/alteration halos.

\ i
- Y

* Inner high resistivity zone partially or completely

Cross-section Propylit

Low pyrue . |’h_\ lic
ouler Zone
|"
/
[ /
e

High pyrite
intermediate |
one |

|
Low total sulfide L__.—l‘ =
innermost zone \ \
Typical porphyry cop¥ . ) Y
deposit showing altera¥ien - f . Utah (modified from Cunningham & others, 2004, their

zoning (after Lowell & Deep chlu-rli.t--quzlrti- £ Fig. 1). USGSReport 2010-5070-B, David John, Editor.
Guilbert, 1970). magnetite-K-feldspar ’

]
]

19-September-2016 Copyright © 2016 Dynamic Measurement LLC. GCAGS Corpus Christi 46



Negative Peak Current
Resolution Copper Mine

- . .
; - / -
= e — 2 EyeAltitude 39,261°  Pgak Curre i itude 39,261

19-September-2016 Copyright © 2016 Dynamic Measurement LLC. GCAGS Corpus Christi 47



Positive Peak Curr pt
Resolution Copper Mine

Resolution Copper Mine Pinal County, AZ

Inner copper orebody
and outer pyrite
conductive zone.

TOITTTE I AV LY R

Resistivity
[

* *
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Mineral Exploration ?clusions

NSEM data has the potential to explore for any
mineral commonly/found by conventional
electrical geoph -;iél prospecting methods.

rock propertieswwhich can be applied to

unconventionalyeniand:gas exploration.

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

/

Resistivity volume transect through Austin Chalk
Well F1

BEG publication defines Austin ; s BRGNS e |
Chalk & Eagle Ford Sh. exploratior Y s
sweetspot model in Maverick Basia.

-~ High resistivity, productive interval:
\L. Austin Chalk/U. Eagle Ford Sh.

BEG’s South Texas sweetspot mg@el:

300 ms (TWT)

« High Total Organic Carbon '
» High Acoustic Impedance
« 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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NSEM Summary

« NSEM can map regional &individual faults, rock
properties and the preseneé of minerals; It can generate
leads, and has demonstrated remarkable potential to
identify hydrocarbonaccumulations.

Hed to, and integrated with, seismic
and subsurface geot potential field and near surface

« NSEM can fill in"EGAEEN Or extend existing data and
when combined With'other data, narrow down feasible
Interpretations. . .

. * *
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Questions?

Louis J. Berent \,
Consulting Geophysmst
Houston, TX

Office: 281 370-5296
ljberent@dynamicmeasurer
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Lightning Physics Analogous to
Relaxation Oscillator Physics

A

\oltage builds across
capacitor until an
Insulating gas ionizes
& becomes a
conductor.

Similar physics
enables generation of
3-D apparent
resistivity &
permittivity volumes.

% *
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Creating Apparent Resistivity Volumes

(

Millions of lightning

- +15 km strikes grouped by

peak current.

+10 km
Bibali Strike data therefore

Peak Current o< Cloud Height grouped by depth.

Sea Level

Tower Plate - 2km Provides basis for

-10 km generating 3-D
apparent resistivity
volumes.

Lower Capacitor Plate -15 km

e

* * *
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3-D Resistivity Volumes

» Data traces uniformly sampled in time/depth with same
number samples In each tracje/a; required by 3-D seismic

Interpretation software.

* For each trace a deﬁth & r, Istivity grid is generated &

sampled.

* Resistivity values interpolated between sampled points w.
respect to depth, progticing samples at uniform intervals.

* No sample interval/trace length restrictions beyond
those imposed by SEG-Y
* Y '
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