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Humanity’s Top Ten Problems QAT
for next 50 years

ENERGY

WATER

FOOD
ENVIRONMENT
POVERTY
TERRORISM & WAR
DISEASE
EDUCATION
DEMOCRACY
POPULATION

© ® N O oA ®N PR

[
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2003 6.3 Billion People
Richard Smalley, 2003 2050 8-10 Billion People
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What do you think when you hear
Georesources ? -\-\J(IT
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What do you think when you hear georesource
2 ’ ; IT

ttttttttttttttttttt f Technology

water

heat

coal

oll

Natural gas

Coal Bed Methane

Gashydrates

Oil sands

Shale-Gas, Tight Gas

Mineral Resources (Rare Earth Elements)
Industrial rocks and minerals (incl. ,cement®)
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A political hypotheses for Germany?
Germany has no resources—

except Its brains
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A Geofact

In Germany more Georesources are
mined than imported (they ensure our
supply and are rather inexpensive)
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Production in Germany in 2009
(Total Value: ca. 17,5 Mrd. €) ﬂ(".

in 1.000 t

Karlsruhe Institute of Technology

245,000
217.000

164,557 e R e S . Braunkohle

e2.000 N Kalk-, Mergel- und Dolomitstein

19.073 I Steinsalz und Industriesole
15.464 @ Erdgas
15.000 I feuerfester und keramischer Ton
13.766 I Steinkohle
8.900 B Quarzsand
8.288 N Torf
7.100 B REA-Gips
4,514 B Kaolin
2.799 | Erdol
2.112 | Gips- und Anhydritstein
1.825 | Kalisalz (K,0)
927 | Schwefel

380
364
350
326
325

Naturwerksteine

Eisenerz
Quelle: BGR (2010)

Feldspat
Bentonit
Siedesalz Erdgas, Erddlgas in Mio. m’

. 3
Erddlgas Torf in 1.000 m
Fluorit :

Bl Energierohstoffe

ok 5 - Industrieminerale,
Kieselerde Steine und Erden
Metalle Bl Metallrohstoffe
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Imports (83,9 Mrd. €) ﬂ(".

m Most Imports are for Energy Resources!

® Oil

® Gas
Coal

® Other energy resources

® Noble metals and gems 2

® Metals for steel refining

® Iron and Steel

@ Non Iron Metals
Nonmetals
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, RESOURCES" VS.
, RESERVES"?
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Reserves — Ressources
’SS( | AT
(Standard Definition! Some differences for = esoaon

Hydrocarbons)

m Reserves — economically feasible for extraction/use using
today’s technologies and market prices

m Resources — known occurrence within the Earth’s crust —
possible to extract/use at higher prices or while using new
technologies.
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Which are the most abundant Elements in the \‘(IT
Continental Crust =\l
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Elemental abundances
In continental crust

Oxygen (O) 146.6%
Silicon (Si) 1 27.7%
Aluminum (Al) 18.1% —_—
eldspars
Iron (Fe) |5.0% 12%
Plagioclase Quartz
Calcium (Ca) _ |3.6% fe%gggrs 12%

Sodium (Na) _ |2.8%
Potassium (K) _jE.E%
Magnesium (Mg) _] 2.1%

Nonsilicates
8%

Amphiboles

. 5%
Copyrigh @ 2008 Pearson Prantica Hall, inc ;
Other silicates
3%
Copyright & 2005 Pearson Prantica Hall, Inc
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m Feldspar is a common raw material used in glassmaking,
ceramics, and to some extent as a filler and extender In

paint, plastics, and rubber.

How much feldspar is
produced annually?
Where ?
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Quartz ﬂ(".

Karlsruhe Institute of Technology

Because of its piezoelectric properties quartz is used for oscillators, resonators,
because of its ability to rotate the plane of polarization of light and its transparency in
ultraviolet rays it is used in heat-ray lamps, prism, and spectrographic lenses
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Challenge : Sustainable Use of
Georesources



BP, Shell, Total failure B ,

| Gaskondensate haben
auf dem Meer einen fast
10 Kilometer weiten Film
gebildet

brodelt, steigt vom
| Seeboden hoch

Altes Gasreservoir Ein altes Gasreservoir ist
vermutlich der Ursprung
des Lecks

Olfeld

WEWSLINE SCOTLAND PRESS AGENCY | M SYNDICATION | BULLS
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Use of Geo - Resources

Metals for Innovative Technologies
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Energy Energy Use Cleaning
Generation, Conversion, (Heat, Lighting, Mobility,
Storage Information)
Solar Cell | | Fuel Cell | Battery Thermo- | | Motor LED Electronic Catalyst
electric Parts
Ag
Ga Pt a| |ov| |ea| [B
As Rh Li Te Nd In Rh Pt
In La Co o Sm La n Pd
Cd Ce Ni Co Eu Rh
Se Cd Sb B Y Ta
Sc W
B .

20
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REE in Hybrid-Cars ﬂ(“.

UV cut glass ~— Glass and mirrors
- Cerium polishing powder
' « Cerium
\ \ LCD screen
Diesel fue! additive ‘ ' * Europium
» Cerium - Yttrium

- Cerium

» Lanthanum

— Component sensors
*Yttrium

Y, Hybrid electric
motor and generator
- Neodymium

+ Praseodymium

« Dysprosium

- Terbium

= Lanthanum
«Cerium

Catalytic converter
« Cerium/zirconium 25+ electric motors Headlight glass
» Lanthanum throughout vehicle « Neodymium

- Nd magnets

From EE Times: Rare earth supply chain: Industry’s
common cause by Colin Johnson
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..In Wind Turbines ﬂ(".

m Offshore turbines need >
1200 t steel

m According to Kooroshy et al.
2011

Metall Mass [kg] per
MW

Chrome 902
Manganese Mn 80
Molybdene Mo 136
Niob NB 663
Dysprosium Dy 18

ca. 1t Copper_ /MW_ conventional Neodym Nd 198 ND

- New energies raise copper

demand Copper 3000t (2011)

22 http Z//WOI’d IeSSteCh ) CO m Fakultat fir Bau-, Geo-, Umweltwissenschaften
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25% of a Cell Phone is Metal

~1.5 Billion Cell Phones
sold in 2010

60 kg Tantalum
510 kg Platinum

22.5 tons Palladium
51.0 tons Gold
525 tons Silver

24,000 tons Copper

Plus many others e.g.
REEs

There will be only 20 years supply of tantalum if the global per capita
use rises to 50% of the current U.S. per capita use; 40 years for copper

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Rare Earth Elements Producing Countries

80 Glc;hal Pr:uducﬁ:nnﬂf. S

Fare Earth Oxides, 0 Ni

Top are Barth Dxides Mining one ton of rare
£ 60 earth minerals produces
gs0f about one ton of
Sl radioactive waste,
= . .

30k according to the Institute
5 -
| for the Analysis of Global

ok Security

Other
Mnﬂazitﬂ_placmy-iq Mountain Pass era o Chinese )
cra era

Schwere Seltene Erden (engl.: heavy rare earth elements, HREE)

Leichte Seltene Erden (engl.: light rare earth elements, LREE)

24 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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http://fmso.leavenworth.army.mil/documents/rareearth.pdf
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Resource Market —not only
driven by demand



Global shares of all sources of energy in consumption (BP
2014) and the shares of non-renewables in production, ﬂ(IT
reserves and resources, as at the end of 2013

Energy consumption

Production
532 E]
515 EJ
Hydro power 7%  Renewables 2% )
Uranium 4% Lignite 2.0% Uranium 5.8%p

Crude ol 34.1%

Coal 30% Crude gil 33%

Hard coal 32.8%

Matural gas 24%a
Hatural gas 25.3%

Lignite Uranium 1.6%

8.6%
Cany, crude oil 18.9% Conv. Crude oil
1.2%5 .
Mon-convy, crude ail Thorium 0.6% ';ﬂ*:ﬁ:ﬂm crude il
5.3% .

‘ Conv, natural gas 2.2%

Men-conv. natural gas

Conv. natural gas

19.4%

Uranium 1.2% ——-l
Lignite 9.4%g _

Hard coal 45.5%0 Eﬂgﬁ”“ R L Source: BGR
Hard coal _
Reserves . 79.6% Resources
37,646 EJ 549,991 EJ
27 Fakultat fur Bau-, Geo-, Umweltwissenschaften
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Lower 48 US Crude Oill Life Cycle

Billions of Bbls / Yr

0
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25 x 10 ?
Bbls / -
/ 7
/ //f ?
Cumulative Production //
52.5x10° Bbls y/ /4
1954
/ /
1850 1875 1900 1925 1950 1975 2000 2025
Year

2050

The cycle is based on assumed ultimate recovery

of 150 and 200 billion bbls.

Mod: Hubbert, 1956

28

Amos Nur 2009

Fakultat fir Bau-, Geo-, Umweltwissenschaften
Prodekan Geowissenschaften



AT

Karlsruhe Institute of Technology

World Liquid Fuels Production and f—\
Consumption Balance Cla
million barrels per day (MMbbl/d) MMbbl/d
122 Implied stock change and balance (right axis) i Forecast :
96 World production (left axis) : 4
94 —\\orld consumption (left axis) | 3
92 i 2
00 ! 1
88 : 0
86 l 1
84 i -2
g — : — =3

2010-Q1  2011-Q1  2012-Q1 2013-Q1 2014-Q1 2015-Q1 2016-Q1

Source: Short-Term Energy Outlook, July 2015.
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The Growing Gap — Regular Conventional Qil -\g(".

Major oil discoveries are behind us...

L

Ghawar
(Saudi Arabia) samotlor
60 (Siberia)
50 7 I Ii [ Past Discovery
- Prudhoe
Buraan | {AIaska}“ Cantarell [J Future DiSCDVEI’Y
40 + (Kuiait} I (Mexico) .
| [ | —&- Production
3 i L . ®
- 30 + - Ji 5

North Sea ®
Revisions backdated.

| Kashagan Rounded with 3yr moving
(Kazakhstan) average.

1930 1950 1970 1990 2010 2030 2050
There is a growing gap between discoveries and production.-

- Soon there will be a gap between production and demand
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Hypothesis:
Oil Market is Supply Driven -\\J(IT

a If I would have an oil field worth 10 Billion US$, | would find
a way to sell the oil

m However, most “Energy Scenarios” are modeled as an only
“*demand driven market”

32 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Conventional and Unconventional Oil and Gas

The Geology of Conventional and Unconventional QOil and Gas

Land Surface
Conventional [N :
: Unconventional
o Oil or Gas Well e Conventional
Associated

Gas

Tight Sand——é?

Sandstone Gas

Lateral Wellbore with
Multi-stage
Hydraulic Fractures

Oil and Gas-rich Shale

Source: EIA
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EXPLORATION
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Oil and Gas

What has to be considered?

AT

ttttttttttttttttttt f Technology

m the Trap (geometry, reservoir, seal)
m - the Hydrocarbon Charge (the amount of hydrocarbons

which can reach the trap)

m - the Timing relationship between the Charge and the

formation of the Trap.

Geology (5%)

/
\ mf e
@/i\

Geophysics including seismic (20%)

The geoscience

component of petroleum

exploration contributes

only a small part to the
«—Drilling (75%) total costs

B. Wygrala,
Schlumberger, lecture
notes, 2012

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Geological Factors in Exploration ﬂ(".

Karlsruhe Institute of Technology

Trap
- Prospectfault geometry

Reservoir
- Porosity/permeability
Seal

- Capillary pressure, fault seal

camier= %

h

 Carmeer
reserycu

Eharge

- Timing relationship with structural

- Petroleum property predictions

- Petroleum generation and expulsion

- Petroleum migration, entrapment and
loss

evolution

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Structural Trap

Reservoir
Anticline

 Buoyancy drives hydrocarbons
upwards

» Top seal prevents escape

e Such features have safely held
oil, gas & natural accumulations
of CO, for millions of years and
can also serve as storage sites

37 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Geological Reservoir

What do we need?

« RESERVOIR ROCK -
porous, e.g. sandstone

« SEAL ROCK — non-
porous, e.g. claystone

How does it work?

 Hydrocarbons are in
porous reservoir rock

* Hydrocarbons held in
place by overlying
non-porous seal rock




Standard Exploration Procedure -\\-‘(IT

m Surface Surveys (aerial photography, satellite, imaging
radar, topographical and geological mapping)

m Subsurface survey (gravitational pull, magnetic fields,
seismic studies)

a Exploration Well

39 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Petroleum System Models

AT
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' predicted hydrocarbon
migration routes

mature source rocks

s
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Pore Pressure Prediction ﬂ(".

m To determine compaction behaviour
m To detect regions of over or underpressure

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Flowpath Modelling ﬂ(".

vectors indicate petroleum expulsion from source rocks modeled with Darcy flow, and
the dark green Flowpath flowlines indicating petroleum migration in higher-
permeability units into petroleum accumulations. The dark blue colours show salt.

42 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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TOWARDS PRODUCTION:
DRILLING

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Wellbore
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Drilling is an expensive task.... AT

stitute of Technology
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Differential Sticking Geopressure Unconsolidated Zone Fractured or Faulted Zone  Undergauge Hole Key Seating

A Structure of the salt dome responsible for the Mungo field accumulation. White curves
are well trajectories and the yellow lines on the dome are interpreted faults.
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Reactive Formation

Maobile Formation

Collapsed Casing

Cement-Related Drillstring Vibration

Wellbore Geometry

Aldred et al., 1999

Poor Hole Cleaning
~Common drilling problems.
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Depth vs time of an offshore well ﬂ(".
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Days vs. Depth

. | == Actual
dbddbop oo b i == =AFE |
2000l '.'_': E E ? E ' ST#E Lost circulation, stuck | e GEOMEChaNICS
- i pipe, whipstook from 8900t [ : optimized |
A . Dnlledtuaguuﬁ stuck | oo o e S

|ST#1 F‘Btﬂ??ﬂt}ft| ----Drllledtﬂ1ﬂ3{]ﬂﬂ R EREET TUTRESPPRN TEDRI SURS
6,000, _____ ] WE“"'CRSWEHPIPE . :

| |ST#3:PBlosGOOft | . .. '

255 days and U.S. $6.7
_mnllmn until back t::r 8, Eﬂ{}ﬂ k¥

Measured Depth, ft

e N isdaysendUs 837 e
e Rl e L . mlllucnuntllbaﬂktuH}SﬂUft L

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105 110
Days on AFE
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Safe Mud Weight Window

Safe Tensile
Mud Weight FP SFG priling  FG Failure  pud Wei
Low I I Window | | High ¢
<
Collapse Breakout Functional " Mud Loss  Lost Circulation

o \"\ |
y | ;
\\ ‘I‘ pr ‘\.\‘
a | \\\_ 4
l-w-\] y . i
\\\ /,“- |“\|

49

Aldred et al., 1999

Measured depth, m
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Pressure

1000

2000

3000

4000

5000

6000

7000

Breakouts

Horizontal

stress
Pore pressure

8 10 12 14 16 18
Mud weight, [bm/gal
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Monitoring within the well - Logging ﬂ(".

Mud Log

Caliber log
Resistivity

NMR Log

Sonic Log

Bond Log
Microfrack

Fluid composition

one should learn and know as much
as possible about the reservoir

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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aring — Geological Profile
Vorlauflges geologlsches Profil
gy Ktzi 200/2007 e

A16-1

~-00

45.0 Quartar: Sand, Geschiebemergel
—— 55.0 Quartar?: Schluff

Quartir

P T T Ty TR

H\‘l'tt‘-ll'\ll'u
Ll

Tertiar

151.0 Rupelium: Ton

I

264.0 Pliensbachium: Sand-, Schluff-, und Tonstein

N
W | fn el o B o el |

310.0 Sinemurium: Tonstein, Schluffstein bis Sandstein

i

4

Jura

3
x|

= . z| 381.0 Hettangium: Uberwiegend Sand- und Schluffstein

ot 465.0 Exter Formation: Tonmergel-, Sand- und Tonstein

| NuN| Nu
[

N
wef o[ o o
\N‘MN‘

557.0 Arnstadt Formation: Tonstein
5§72.0 Weser Formation: K2 Horizont (Gips/Anhydrit)

629.0 Weser Formation: Ton- und Tonmergelstein

q
N
G

§

Stuttgart Formation: Sand-, Schluff-, und Tonstein
702.0 (2.T. anhydritisch); Kohlelagen bis etwa 0.5m

w N

T

vl

|
N

5

Ntti

FEE RN R RN R R

Trias

=== 810.0 Grabfeld Formation: Ton{mergel) und Schiuffstein
bis Endteufe der Bohrung

The profie s based on cutting analysis, core description, and log interpretation. Geological interpretation still in process

Geological Profile Injection Well (Ktzi 200/2007)
coordinates: (UTM 33-WGS84) 355294 E 5817803 N
coordinates: (Gauk-Kriiger) 4559101 E 5817907 N

Vertical scale: 1:4500 WP 2 1 Norden 2007, v 1

51 Norden et al. — 2007 Fakultat fur Bau-, Geo-, Umweltwissenschaften

Prodekan Geowissenschaften



52

Well Integrity — the Reality
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60

50

40

30

20

Percent of wells affected by SCP

10

43 % of all wells in the Gulf of Mexico show
enhanced sustained casing pressures (SCP)

4 8 12 16 20 24 8
Well age, years

Brufatto et al., 2003
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COBRA Project: The basic ldea ﬁ(".

Large Scale Experiments: Development of a 1:1

Experimental Setup for in-situ tests of well integrity and
abandonment concepts

wet,
supercritical CO,

CO, solved in Water

to bridge the scale from

Laboratory-Experiments
(cm — Scale)

to

Field experiments
(km-Scale)

Courtesy of StatoilHydro

28.8.2013 GEOTECHNOLOGIEN Statusseminar Fakultat fur Bau-, Geo-, Umweltwissenschaften
COBRA — Overview — Schilling et al. Prodekan Geowissenschaften



Backfilled borehole - casing and cementation ﬂ("‘

1 and 2 channels filled with and without mud,

which can form during cementation, 3 cracks, 4 gap, 5 micro-annuli, 6 higher
permeable area and

7 invaded gas (Kromer et al. 2014)

54 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Cementation process

10 m borehole from cap-rock elements

m heating of borehole to defined
conditions up to 100°C

m filling of borehole with drilling mud,
spacer fluid and cement-suspension

®m monitoring of material properties:
rheology, segregation behavior,
pressure and temperature

m borehole and cementation sectionally
disassembled

m quantification of cementation flaws
m lowest 1,2 mis put in the autoclave

artificial
cap rock
(concrete)

original
cap rock

AT

Karlsruhe Institute of Technology

<

(clay stone)

56 28.8.2013 GEOTECHNOLOGIEN Statusseminar
COBRA — TP1: Large Scale Autoclave— Kromer et al.
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Cementation — experimental set-up ﬂ(".
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=l 28.8.2013 GEOTECHNOLOGIEN Statusseminar Fakultat fur Bau-, Geo-, Umweltwissenschaften
COBRA — TP1: Large Scale Autoclave— Kromer et al. Prodekan Geowissenschatten



Modelled and Observed Pressure Data in the
AT

p er m eab I I I ty eX p er I m e n ts Karlsruhe Institute of Technology
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x x experimental data
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Three times pressure reduction of the
upper vessel by about 4 bar and
reequilibration due

to CO:migration during experiment 2.
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I
INDUCED SEISMICITY IN
RESERVOIR EXPLOITATION

Fakultat fir Bau-, Geo-, Umweltwissenschaften
Prodekan Geowissenschaften



AT

Induced Seismicity in Reservoir Exploitation == T

m Induced Seismicity and Stress: Mohr and More

a During Injection
a Geothermal
m Fracking (Hydraulic Fracturing)
s Waste Water Injection

a During Production

60 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Maximum Magnitdes and Fluid Injection and ﬂ("'

Production == el
8
J\ Extraction n=39 ~ o
7 ‘ Injaction - -&
1 Hot Dry Rock - &
B — it A
5 Ca. 50 sites as A -

Maximum Earthquake Magnitude

0.1 1

10

Total Volume Fluid In

1000000

Nicol et al., 2011
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MOHR AND MORE
INDUCED SEISMICITY AND
STRESS
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Mohr- Concept

m Earthquakes occur if stresses exceed strength of a fault
m Stresses on the fault depend on the fault orientation

-P(r,t))

D)

(on(P(r,

U

T =

1 Bunuuedsiayos

Gm ax

Gmin

Effektive Normalspannung G,

65
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Mohr- Concept

AT

Karlsruhe Institute of Technology

m Earthquakes occur if stresses exceed strength of a fault
m Stresses on the fault depend on the fault orientation

Scherspannung T

T = - (op(P(r,)))-P(r,1))

Effektive Normalspannung G,

Decreasing Pore
Pressure
R P A R

-------
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Mohr- Concept

AT

Karlsruhe Institute of Technology

m Earthquakes occur if stresses exceed strength of a fault
m Stresses on the fault depend on the fault orientation

Scherspannung T

T = - (op(P(r,)))-P(r,1))

Effektive Normalspannung G,

Increasing Pore
F)

b ?e.- T
i ‘%ﬁfﬂ i
p fitﬁiﬂ}h : 'ﬂiq‘ﬁﬂeﬂ i
i{ﬂﬁ‘rjﬁ?ﬁﬁﬁﬁ-ﬂ ke .E‘l'. LR A Ld Tl
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INDJECTION INDUCED
SEISMICITY

AT

Karlsruhe Institute of Technology

Fakultat fir Bau-, Geo-, Umweltwissenschaften
Prodekan Geowissenschaften



AT

Hydraulic Stimulation
a High Injection rates/pressures can cause seismicity

Basel magnitudes

O «Basel quake M=3.4"

Local magnitude VL]
»n

o . 2 s Ly — i =
\ 0zA12 03.12 0412 05.12 08.12 0712 08.12 09.12 10.12 11.12 12.12 13.12

- . T SIS = _DB b

14.12 1512 16.12

L i i ; i i i
-0.6 -0.4 -0.2 u] 0.z 0.4 0.6

1' T ' " Flow rates and wellhead pressure BS-1
| * (krn)
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‘ 300 i T, j"ﬂ""“l‘ ‘ | | e De | Ch mann y S E D

N
8
|
1
|
|
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Welthead pressure [bar]
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o
o

- =-2'000.0
15.12 168.12

0z.12 03.12 04.12 0512 06,12 07.12 oa.1z2 09.12 1012 1112 1212 13.12 1412

= Pressure Flow i

Haring et al., 2008
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Fracture Monitoring

AT

Karlsruhe Institute of Technology

Gnn_‘nr_na Ray

Tiltmeter heights

Monitor well:
*— cemented-in

receivers
P s, o &
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A
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Microseismic data
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Monitor well:
wireline
receivers

(=]

CementedHnraceive® |ntarsaction wells

i

£0 320 4 oo 0
Exting (T
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Mostly events M <0

Source: DOE/GRI M-Site test
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Increase of Earthquake Activity in USM_ 23

Earthquake count
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Karlsruhe Institute of Technology

What is the reason ?

Ellsworth, 2013
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What iIs it about ? ﬂ(".

Karlsruhe Institute of Technology

Y - - ; r Location of active class Il
injection wells in the CEUS.
Active injection wells from the
database are shown as blue
circles. Spatiotemporally
associated injection wells,
defined as those within a 15-
km radius and active

at the time of an earthquake,
are shown as yellow circles.

40° M

Arkan: 2%
Wyoming bas All Other States z
I % %
g |||I:I';'Inir:£‘|S
Kansas i
8% M. Weingarten et al., 2015
-100° W -90° W o -80° W
@ Active Injection Wells (O Associated Injection Wells
27,102 - Salt Water Disposal 6,961 - Salt Water Disposal
78,968 - Enhanced Oil Recovery 11,796 - Enhanced Oil Recovery
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m High-rate injection wells

1000 ' 1000
(>300,000 barrels per .
month) are much more likely E
to be associated with -
© 500" - 500" -
earthquakes than lower-rate &
wells. E H H H H
- - - z
= awell's cumulative injected 1 HH H HH
volume, monthly wellhead 102 103 0° 0 10° 107 10°
pressure, depth, and
proximity to crystalline = g 100
basement do not strongly 5
correlate with earthquake ? |
association. 3 0T - %07 I
m Managing injection rates §
may be a useful tool to o 01— i 01— SRR
minimize the likelihood of 10°  10® 10* 10° 10° 10*  10° 10® 10" 108
induced earthquakes Maximum Injection Rate Cumulative Injected Volume
' (barrels per month) (barrels)
Il All SWD Wells [ ] Associated SWD Wells
M. Weingarten et al., 2015
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Conceptual Model Walsh and Zoback (2015) ﬂ(".

Fluid Injection
(e.g., water disposal)

v

Formation of injection is in hydraulic

connection to critically stressed faults

- Small pressure changes lead to
triggered events.

+APore —> Potentially active faults in crystalline
Fressure basement are also hydrologically
active.

McGarr, 2015
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Remember the Mohr Diagram

Shear Stress

35

25

15

10

Pore pressure

iIncrease AP

Effective Normal Stress

AT

Karlsruhe Institute of Technology
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PRODUCTION INDUCED
SEISMICITY
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V. o . . LANDES

e’ e’e’e’e’ FORSCHUNGS
ZENTRUM
GEOTHERMIE

ESERVOIRMANAGEMENT
SEISMICIT

Legende
Férderung [mio m?, kumulativ] Wea
Forderung [mio mé/Jahr] = i . S
Setzungen im Zentrum von Pfungstadt [mm], gemessen Seismic events in the
Setzungen im Zentrum von Pfungstadt [mm], extrapoliert area of the na'[ura| gas

s field Vélkersen
— 250

[ Natural gas fields

(after LBEG)
'_,_,—'_'___ 150 2 =

derung Jasst Dorfer absaclgle& "

inder | /%L \‘
15cmin ¢ g o focal depth |..
oL | Altmark 4 km (x4 km)
e 0

I 1955 1960 1965 1970 1975 1980
: Jahr der Férderung AGIS Workshop 2012, November 26-28, 2012, Karlsruhe
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Seismizitat in Norddeutschland

33 ebender14<|y|<45

“"'?NY

55°N +
L:EG

30—

54°N -
[4b)
-
9 30"
m PS Historisch
O Induziert ?
30 © Sprengung |
§ O Bergbau
6°E 8°E 10°E 12°E 14°E
Hist. Katalog seit 800 n. Chr. (Leydecker) Lénge Bischoff et al., 2013
Deutscher Erdbebenkatalog 1977-2012
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Herausforderung e et

» Beobachtung: Subsidenz & = Beobachtung: Erdbeben

Erd beben Seismic events in the

Plenefisch

area of the natural gas ~ | focal depth |~

field Vélkersen 5-10 km - (2012)
Subsidenz
2008 — [ Natural gas fields
(after LBEG)
Epicenter of g
O 15<M<2 ‘}:\J/L seismic events - o 3 ;
. 2<M<3 (BGR) ; T _
® M3 T e ‘ -
——v Thrust faulting, # - —— \ M 29,
phaenc-normal faults, 9y focal depth |.. o
Renaes —|4km (x4 km)

Muntendam-Bos & de

Waal, 2013, State ok I g e e B 3

Supervision of Mines L R
(van Eijs, NAM, KNMI)

Report on Groningen
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SUBSIDENCE (mm)

EVENTS M>3

Zeitabhangigkeit der Seismizitat ..\\J(IT

Karlsruhe Institute of Technology

SEISMIC AND ASEISMIC BEHAVIOUR
LACQ GAS FIELD (FRANCE)

10 70
] Fee ) Beginn der
0] 41 MPa Feldname Beginn c.ler Seismizitdt Verzogerung [Jat AP [bar]
- Produktion
204 o & mit ML >2.0
- a0 § Roswinkel 1980 1992 12 212
N o & Bergermeer 1972 1994 22 168
Bergen 1972 2001 29 188
7] | : " Groninen 1978 1991 13 (28) 197
ol | - Eleveld 1975 1986 11 217
’ | | ) Annerveen 1973 1994 21 266
Roden 1976 1996 20 203
) Dalen 1974 1996 22 287
Appelscha 1999 2003 4 173
“ Emmen 1977 1991 14 211

0 : -
1850 1960 1970 1980 1990 2000

TIME

vanEck et al. (2004)
Grasso (1992)
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Seismische Energiefreisetzung &

AT

cumulative E (GJ)

Gaspro duktion e B
70 I 2100
—— Cumulative Energy
. . - 2000
60 1 —=— Cumulative Production
- 1900
£
- - 1800 E
? AP s
40 - 1700 o
1800 S
30 E
-
- 1500
20 5
- 1400
10
1990 1995 2000 2005 2010

Muntendam-Bos & de Waal, 2013, State
Supervision of Mines Report on Groningen
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Erklarungsansatze e iy

Distance (km)

G

Subsidence (mm)
60 40 20 0

25

Depth (km)
5

M>1 events

s - m  Bardainne (2008)  Xur
(a)

Segall (1989)

Roswinkel

1. Compaction
1997

2. Reactivation of Normal Fau
3. Poroelastic Stress Change:

Van Eck et al. (2004)
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Consider Stress and Pore pressure

a Example Valhall

o4 = 4 MPa Ao = 0 MPa
— 12
© -
o
s 10
2 8
=
£ o
©
o 4 AP=-10 MPa
Qo
£ 2 >
g ()
0 2 4 6 8 10 12 14 16 18 20 22 24
effektive Normalspannung [MPa]
Stress State Valhall ne Spannungszustand Valhall
) . ockel (2013) - .
Begin of Production wahrend der Produktion
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Scherspannung [MPa]

84
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Consider Stress and Pore pressure
a Example Valhall

-

©
o
s 1
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c
=
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©
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o
£
T}
w
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
effektive Normalspannung [MPa] effektive Normalspannung [MPa]

Roéckel (2013)
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Was rechnen wir ?

: Porendruckéanderung mit der Zeit
Well Locations

3000 . .
Pressure Change after 8760.0 hours '
=8 30
2500 . BE P
6@
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® Welll 42
L ] 15
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— 2 e
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rechnen

WIr ?

2000 . \l?lell Lolcationls. .
2500 | |
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w00 . ® Well2
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1000 e \Wells
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500 | |
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Effective Stress Diagra
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=5l y= .0m 1 time 1.0 Days

Shear stress [MPa]
e
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Anderung des Spannungszustands mit der Zeit
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__time=3.0 Days
300
w00 ]
1000
o
0 1060 200
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200 .
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o
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Petrothermal Case: 12 hours injection ﬂ(".

time=8.0 Hours time=16.0 Hours time=24.0 Hours

L Depth 5 km
| Permeability 30 mD
: Bulk Modulus 98GPa
= 12 hours injection 150 I/s
b, Stress Orientation is EW

3000

2000

1000

" . . " . . " . .
0 1000 2000 0 1000 2000 0 1000 2000
time=32.0 Hours time=40.0 Hours time=48.0 Hours

3000

2000

Critically stressed area (and
eq) appear already during
§- injection.

1000

6 timleD:ZG.(jzn:oDurs ) 6 tim20224.50:2ur5 ) 6 timleuigz.cfull?oours ) MaXImum eXtent Of Crltlca”y
o ¢ 300l e . stressed area (maxquake) is
: : . reached after ca. 24 hours,
. . . Is aligned with stress.
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Pore Pressure and Shear Stress Evolution ﬂ(l'l'

d u rl n g a' 20 yea'rS p ro d u Cto n Karlsruhe Institute of Technology
Effective Stress Diagram
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Porendruck und Spannungs-Entwicklung der
Scherspannungen uber 20 Jahre

89
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Effective Stress Diagram
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Summing up induced seismicity =M oty

m Injection induced seismicity occurs soon in the vicinity of
the well

m Greatest magnitudes occur during shut-in

m Production induced seismicity occurs after years and at
greater distance

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Most resources are limited !
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Tiefe Geothermie:
Erdbebengefahrdung _\_ﬂ(IT

m Problematik bei hydraulischer Stimulation:

Bel hohen Injektionsdricken kann spirbare Seismizitat
verursacht werden

Basel magnitudes

"Schadensereignis M=3.4"
1=0.
g e e -
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HYDRAULIC FRACTURING
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WARUM WIRD , GEFRACT"?
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Warum wird gefract ? ﬂ(".

a Ol und Gas befinden sich nicht in unterirdischen Seen
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Warum wird gefract ?

Reservoirkontaktflachen beil verschiedenen Bohrverfahren mit

und ohne Hydraulic Fracturing

100 ft 2,000 ft 100 ft
Vertical well Horizontal well Vertical well

150 ft frac
299 ft2 of contact @

97

Schlumberger 2013

270 x vertical
13.5 x horizontal

2,000 ft
Horizontal well with

10 x 75 ft fractures

G e RN :

1,013 x vertical
50 x horizontal
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Prinzip der Schiefergasforderung mit (T

Hydraulic Fracturina
Shale gas extraction

98 Fakultat fir Bau-, Geo-, Umweltwissenschaften

B B C N ews 20 11 Prodekan Geowissenschaften



Fracing On Site ﬂ(".

Karlsruhe Institute of Technology

Large Scale
Frac Monitoring Grid

Subsurface Sonde Network

99 201304 10 www.oilandgaslawyerblog.com, Fakultét fur Bau-, Geo-, Umweltwissenschaften
www.terraspark.com, www.globalgeophysical.com Prodekan Geowissenschaften



Fracking Fluide flur unkonventionelle ﬂ(".
Lagerstatten

CAS Gefahrstoff-

Chemischer Name Minimum Maximum

Nummer einstufung

Wasser - - - 73,6 Gew.% 84,1 Gew.%

Quarz (SiOy) 14808-60-7 O - 15,6 Gew.% 26,0 Gew.%
Butyldiglycol 112-34-5 1 Xi 0,06 Gew.% 0,10 Gew.%
Cholinchlorid 67-48-1 1 - 0,15 Gew.% 0,16 Gew.%
Ethylendioxydimethanol 3586-55-8 1 Xi 0,07 Gew.% 0,15 Gew.%

Gesamtgemisch
®m nicht umweltgefahrdend

®m hicht giftig
m biologisch leicht abbaubar
m WGK1

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Fracking Fluide fiir Shale Gas AT

Funktion der verschiedenen Bestandteile
einstufung

Wasser 57,2 Gew.% 74,3 Gew.%
Bauxit (Propant - Stutzmittel) 66402-68-4 1 - 25,1 Gew.% 41,8 Gew.%
Polymer - 1 - 0,17 Gew.% 0,28 Gew.%
Natriumhydrogencarbonat 144-55-8 1 C 0,02 Gew.% 0,03 Gew.%
Butyldiglycol 112-34-5 1 Xi 0,06 Gew.% 0,10 Gew.%
Cholinchlorid 67-48-1 1 - 0,15 Gew.% 0,16 Gew.%
Ethylendioxydimethanol 3586-55-8 1 Xi 0,06 Gew.% 0,12 Gew.%
Natriumthiosulfat 10102-17-7 1 - 0,02 Gew.% 0,03 Gew.%
Zirkonylchlorid 13520-92-8 1 Xn/C 0,01 Gew.% 0,02 Gew.%
Natriumbromat 7789-38-0 1 Xn/XilO 0,03 Gew.% 0,05 Gew.%
Diammoniumperoxodisulfat 7727-54-0 1 Xn/Xi/O 0,01 Gew.% 0,02 Gew.%

Gesamtgemisch
®m nicht umweltgefahrdend

®m hicht giftig
m biologisch leicht abbaubar
m WGK1

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Maximale Bebenmagnituden bel
Fluidinjektion bzw. -extraktion ﬁ(".

_ =1
& Extraction n=239 »10] ‘ —
7 ‘ Injection v

1 Hot Dry Rock - - &
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0.1 1 10 1000000
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EinfuUhrung: Erdbebenaktivitat in N-Amerika
M, 23 IT

m Besteht ein Zusammenhang

Cumulative number of earthquakes

mit Bergbauaktivitaten? g Mz
. g T 2 51967 througn%
m OIl- und Gas- Forderung o | [ M?_
s Waste Water ) E” \ af
o %w?t“.,:'f .’:. r g‘,:.’:u '::
= Geothermie ; g o
. . SO
m Schiefergas-Forderung R N A N
m CO,-Speicherung... BRI
8 Ellsworth, 2013
/1
Year
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Bohrungen: Methan-Kontamination im _\\J(IT

Trinkwasser e b
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General Casing Design

Erdgasforderung in USA

m 200 000 Altbohrungen allein in Pehnsylvania,
viele davon nicht ,Abandoned” (verschlossen)!

m Striktere Regeln erst seit 1984 (oil and gas act)

105  WWw.rangeresources.com 2013 Fakultit fiir Bau-, Geo-, Umweltwissenschaften
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Karlsruhe Institute of Technology
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Ein Schnitt durch die Erdoberflache
— stark vereinfacht | ﬂ(".

Pedosphéare

Grundwasser Quartar

Salinares

Aquifer .Sinemur

Kreide/Jura

Keuper

Muschelkalk

Salinares Buntsand-

Aquifer stein
Rotliegendes
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Vorteile von horizontalen Bohrungen

108

Cross section

AT

Karlsruhe Institute of Technology

Mukhaizna Field, Oman

Weniger Bohrungen

man trifft mehr targets (s. Channel
Sandstones)

Man kann der Formation folgen

Friherer Beginn einer Produktion ( hGhere
production rate erlaubt schneller die ;

Gas
Qil
Channel sand

Installation einer Infrastruktur im Feld)

Da die Bohrungen bis zur produzierender g
Formation verrohrt werden beim Bohren
der horizontalen Strecke kénnen Drilling
Muds geringerer Dichte verwendet werde

- “geringerer formation damage

Siny than 50 horizontal  1pD0m
wells (46 producers and a handful of
Intartare hawe hosn drlled in covaral

Fig. 1.3: HITTING THE
TARGETS: In channel
sandstone reservoirs
comprising a number of
discrete oil and gas
accumulations a vertical
well may only find one
target, while a horizontal
or deviated well could
find several oil and gas
zones. A similar
application was used by
QGPC fora
heterogeneous Arab-C
reservoir in Dukhan
Field. From J. Bouvier
and A. Heward of
Petroleum Development
Oman. Presented at
thel993 AAPG

International Conference,
‘Tho Hnaono Tho
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AT
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WIE SEHEN FRACS AUS ?
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Wie sieht so ein Frac aus? -\-\J(IT

Karlsruhe Institute of Technology

m Multiple Fracs in Mesa Verde

Initiation At Perforations

— Multiple Perforations
Provide Multiple Entry
Points For Fracture
Initiation
Five Separate
Fractures Are Visible

In These Fractures
~ Initiated From
Horizontal Wellbore

— 12 Perforations Total
» 6 Top & Bottom

110 - Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Spanish Peaks Volcanic Dikes, Colorado S(IT

Paul Ellner
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Fracture Monitoring

AT

Karlsruhe Institute of Technology
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Verschiedene ,Hydraulic Fracs® -\\-‘(IT

m ,Leak Off Test* - Sicherheitsrelevant bei Tiefbohrungen
a ,Mikro und Mini Fracs* - Sicherheitsrelevant...

m Hydraulische Stimulation (Erh6hung der Wirtschaftlichkeit)
= Drucksauerung
= Massive hydraulische Fracs
» Hydraulische Fracs mit Stutzmittel

114 Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Schiefergasvorkommen in Deutschland

115

Einerseits kbnnte man
meinen:
m Technologieentwicklung ja

m Schiefergasforderung
momentan nur an
Testsites (sparen wir das
Gas fur spater auf und
lernen aus den Fehlern der
anderen)

m Entwicklung nichttoxischer
Gels

AT

ttttttttttttttttttt f Technology

Andererseits :

Shale Gas hat die Gaspreise
und CO, Ausstol3 in den USA
gesenkt

Gas wird fur die
Brickentechnologie der
Energiewende bendétigt

Shale Gas Fracturing bei uns
verhindert unkontrollierte und
hochriskante Abbaumethoden
an anderer Stelle (wo sich die
Bevolkerung nicht so gut
wehren kann).

Ahnlich kritische Blicke auf Verpressung oder Lagerung von (nicht
nur radioaktiven) Abféallen im Untergrund. Auch das Material der
Solardacher wird irgendwann (Sonder)Mill. > Faire Diskussion wird

bendtigt.
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Funktion des ,Chemie-Coctails* = %

Schonung der Rohre (Korrosionsinihibitor)

Ggf. Propants

Einstellung der Viskositat

Einstellung der Dichte

Anderung der Viskositat nach Beendigung des Fracs
Biozide zur ,Stabilisierung” der Frac-Fluide
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Karlsruhe Institute of Technology

Fracing On Site ﬂ(".
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Wann wird es kritisch

AT

Karlsruhe Institute of Technology
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Verschiedene ,Hydraulic Fracs® -\\-‘(IT

m ,Leak Off Test* - Sicherheitsrelevant bei Tiefbohrungen
a ,Mikro und Mini Fracs* - Sicherheitsrelevant...

m Hydraulische Stimulation (Erh6hung der Wirtschaftlichkeit)
= Drucksauerung
= Massive hydraulische Fracs
» Hydraulische Fracs mit Stutzmittel
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Wer verdient? — z.B. Celle
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Karlsruhe In:

No Fracing No Future?

Vielen Dank fur Ihre Aufmerksamkeit
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m Stosch: EinfUhrung in die Gesteins- & Lagerstattenkunde
Kapitel 4., Online Script, 2009

a Schilling (Bohren — in Vorbereitung)
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Hausaufgabe EENLA

m Lesen GEOTECHNOLOGIENbericht zu CCS - Monitoring

m Prinzip seismisches und elektrisches Monitoring
a Druckiuberwachung im Aquifer oberhalb (warum...)

Fakultat fir Bau-, Geo-, Umweltwissenschaften
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Old Well in USA AT

Karlsruhe Institute of Technology

General Casing Design
hale Well

Pennsylvania 200 000 old wells,
most are not abandoned

m More strict rules in some States
since 1984 (oil and gas act)
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