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Abstract

The evaluation of geologic formations and their fluids has evolved from the 1920°s when downhole resistivity logs were first pioneered by the
Schlumberger brothers. In 1942, Gus Archie conducted laboratory experiments on various sandstones and determined that the resistivity of a
rock depends on the water saturation, water salinity, porosity, and a factor (tortuosity) related to how the pores are connected. After World
War |1, new nuclear-based technology began to be incorporated in downhole well-logging tools, and the natural gamma-ray, gamma-gamma
density tool, neutron porosity, and Photoelectric (PE) logs became part of the arsenal of downhole measurements, along with a variety of
acoustic-based sonic logs. Initially, combinations of these logging instruments were used to differentiate and quantify lithology, mineralogy,
porosity, and fluid type (oil, gas, water).

In the 1950°s-1960°s, scientists applied the natural gamma-ray well log to explore for uranium in Appalachian Devonian-age organic-rich
rocks. In the late 1960’s, research scientists (Waxman and Smits), determined that additional electrical conductivity due to the presence of
dispersed and/or laminated clay required corrections to the earlier Archie equation. Various combinations of well-logging technologies were
applied to source rocks during the 1970’s-80’s and it was recognized that source rock maturity was related to resistivity log response in the
Bakken formation (Meissner), and that the organic matter had anomalously low density and slow velocity (long transit time). Early studies in
the Bakken and Mowry shales indicated that well logs could easily identify potential source rock intervals.

In the 1980’s, the research organizations of several major oil companies developed and published a variety of techniques to evaluate organic
richness based on a combination of sonic/resistivity or density/resistivity well-log crossplots. Also, in the late 1980’s, new logging tools
evolved for the direct determination of carbon.

In 1989-90, the AlogR technique (Passey et al., 1990) was published after details of the previously internal proprietary approach began leaking
out into industry; this approach utilized previous approaches but also incorporated source rock maturity as an additional factor in determining
organic richness (or TOC - total organic carbon) from well logs; moreover, in addition to commonly used crossplot methods, the AlogR



approach utilized a well-log overlay technique that allowed for “normalizing” log responses to address variable porosity, lithology, and fluid
salinity (all of which were previously problematic to determine in organic-rich mudstones). The well-log overlay plots allowed for the
determination of the stratigraphic distribution of TOC, and demonstrated the role of sequence stratigraphy on source rock occurrence (Creaney
and Passey, 1993) - a key input to today’s placement of horizontal wells in unconventional reservoirs.

A major tipping point in the evaluation of organic richness came about with the onset of the shale-gas and later shale-oil unconventional
reservoirs, started by the Barnett Shale work in central Texas in the 1990°s-2000’s. The expansion to explore dozens of “source-rock”
formations as reservoirs worldwide provided abundant fresh mudstone cores, development of new core analysis techniques, and the application
and revision of well-log evaluation techniques.

Among the key recent learnings included are: (1) utilization of ion-milled samples which allowed for recognition of nano-meter scale pores in
the organic matter (Loucks and Reed, 2014), (2) identification of different habits for kerogen and bitumen, (3) ability to make accurate nano-
Darcy permeability measurements on core plugs (Sinha et al., 2013), (4) recognition of the presence of early graphite at very high thermal
maturities (Vro>2) (Walters et al., 2012) resulting in additional electrical conductivity paths and, often, extremely low resistivity values, and
(5) modification of previous well-log interpretation methods (Passey et al., 2010). Work continues on determining the presence of organic
porosity and its role in the production of shale-oil reservoirs such as the Eagleford, Bakken, Marcellus, and others. Currently, the knowledge of
source rocks and their ultimate transformation to unconventional reservoirs is high; with this knowledge we are able to work with our
engineering teams to optimize the production of hydrocarbons for the future.
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Tipping Points

The Tipping Point (1984-85)

The critical point in a situation, process, or system beyond which a
significant and often unstoppable effect or change takes place.

https://www.merriam-webster.com/dictionary/tipping%20point



Archie Equation (1942)

where:

Sw = water saturation of the uninvaded zone

n = saturation exponent, which varies from 1.8 to 4.0 but normally is 2.0
Rw = formation water resistivity at formation temperature

® = porosity

m = cementation exponent, which varies from 1.7 to 3.0 but normally is 2.0
Rt = true resistivity of the formation, corrected for invasion, borehole, thin

bed, and other effects
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TOC vs OMT (Hydrogen Index) — Duverney Shale
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Porosity Log and TOC Response

Porosity log response in organic-rich rocks:

160
| 40 Sonic Log -
s - Transit time (AT) increases in organic-rich rocks.
[LLSEC/FT) 120 - Log is commonly run, correctable for common
100 borehole problems and is available for most vintage
wells.
= Density Log -
IGL% ;hcma] - - Bulk density (p,) decreases in organic-rich rocks.

2.2 - Log is common but is a ‘pad’ tool and therefore

2 1 has ‘issues’ in rugose boreholes.

50 Neutron Log -
¢N 40 - Neutron porosity (¢y) increases in organic-rich rocks
(VOLUME®%) - Commonly run today but less so on older wells.

30

Bottom Line: All porosity logs respond to organic
matter as if it were additional porosity. We tend

20

TOC (WT%) to use the sonic log since it is most commonly
available and less sensitive to borehole condition

Common threshold for ‘source potential’ is TOC > 1.5 wt%
(After Passey et al., 1990)



Log Response in Organic-rich Rocks

1400

s ] £ Well logs can be used to estimate
—— - the following properties:

» Source Thickness

» Source Richness

» Stratigraphic location of source
* Maturity — immature vs mature+

» Inferences on source type based
on geologic context

Depth (Feet)

GR Example is Kimmeridge Clay, North Sea

(After Passey et al., 1990)



Porosity and Matrix in Organic-rich ‘ -
Rocks A

Basic Physics:
» Shales and mudrocks are solid matrix (clay sized particulates) and pore water
* Organic-rich mudrocks additionally contain solid organic matter

* When mature, organic-rich mudrocks will generate HC’s which enter porosity
with the water and are eventually expelled

Solid ¢ Solid ¢ Solid ¢
Non-Organic-rich Immature Mature
Mudrock Organic-rich Organic-rich
Mudrock Mudrock

(After Passey et al., 1990)



Paris Basin Well 1
DEFTH (2000 M - 2400 W)

e \Vhat Do We
Know?

Do Know

(After Passey et al., 1990)



Paris Basin Well 1
DEFTH (2000 M - 2400 W)

RLD (b

What Do We
Know?

Do Know

“Baselining”
covers a
multitude of
unknowns

(After Passey et al., 1990)



Maturity Effect on Log Response in
Organic-rich Intervals

Immature Source Rock (Ro < 0.5) Mature Source Rock (Ro = 1.0)

Organic Matter Organic Matter

Matrix Matrix

Immature Mature
Source Source

Depth (M)

(After Passey et al., 1990; see also Meissner, 1978)



AlogR to TOC Calculation (After Passey et al., 1990)
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Vertical Variability Scale of cm to meters
Exshaw Formation

Silty shale
islightly calc)

!ﬂudstnne

wi'stilstone lam

il stain along 3
core hreaks

29.16 wt% TOC §

Planolites
(2-4 mm)

Dizcant. parallel
laminae

20 cm

Mudstone

(042 mim silt lam)

Tlu:ker lam sets (slightly cale)

10 15 20 25 30
TOC (Wt%)

(Passey et al., 2010)



TOC Stacking at Parasequence Scale
Exshaw Formation, Alberta

(After Passey et al., 2010)
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Vertical Variation in TOC from Well Logs
Colorado Shale, Alberta
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(After Creaney & Passey, 1993)
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Key Moments in the Field —
What are the AlogR Triangles?

Niobrara Limestone
Cretaceous
Near Canon City,
Colorado

Earl Kaufmann

Peter Vail

July 20-26, 1985




Stacking Patterns of TOC in Marine Shales

Parasequences
Flooding
Surfaces

Depth (Feet)

Sonic/
GR 200 Resistivity 0 TOC 10

Overlay

(After Creaney & Passey, 1993)



Simple Model for Marine Organic
Enrichment via Sediment Dilution
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(after Creaney and Passey, 1993)




Stacked TOC Triangles (2 Parasequences)

10's Of Relative Scale

T.0.C. Feet

-‘ T

10’s Of Miles

O = NWAIN~®N

(After Creaney & Passey, 1993)



Distribution and Amalgamation of
TOC-Rich Intervals

Sequence Boundary (T ype 1)

(After Creaney & Passey, 1993)



Log Response Inigok to N. Inigok, Alaska

TOC DISTRIBUTION IN TOROC/HRZ
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From Trade Secret to External
Publication

A Practical Model for Organic Richness from
Porosity and Resistivity Logs!

Q. R. PasseyS. Creaney,’ J. B. Kulla+F. J. Moretti and J. D. Stroud:
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Low Magnification Petrographic Thin Section
20 wt% TOC - 40 vol% Kerogen - Woodford Shale
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lon-milled Polished Section (Loucks & Reed
Barnett Shale, Texas April 2007)
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Variation in Lithology for Shale Gas
Formations

Kaolinite

ay-rich gas-bearing mudrock
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lon-milled Image of a Clay-rich
Unconventional Reservoir
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TOC from Well Log and Borehole Image Log

Response — Clay-rich Shale Gas Play
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TOC versus Total Porosity in Gas-
bearing Clay-rich Mudstone
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Hypothetical Distribution of Gas and Water

CH,=0.4 nm

(After Passey et al., 2010)




Pore Size Comparison — Fine Sandstone
Pores versus Organic-matter Pores

Organic Matter

s det‘ WD | HV | cur | HFW |mode| 500 hm

50 microns

34| TLD | 4.0 mm [ 5,00 kV [43 pA[1.71 pm| SE | Helios NanoLab

(Passey, et al., 2010)
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Adsorbed Gas Fraction Higher
in Small Pores (Surface to Volume)

.

4 nm Pore
SIV=1.5

40 nm Pore Adsorbed ~ Free Gas
S/V=0.15

Free Gas > (Adsorbed)

2 nm Pore
S/IV=31
Adsorbed > (Free Gas)

(After Bohacs, Passey et al., 2013 - IPTC 16676)
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TOC wt% = TOC vol%

Implications for Hydrocarbon Storage — A

Loyt

For a “Typical” Shale Gas the current TOC = 5 wt%

5 wt% 10 vol% TOC

TOC EEE—
(Solid)

(Solid) Because the
grain density of
organic matter

is ~%2 that of
rock minerals,
the vol% TOC
is ~2 times the
wt% TOC

(After Passey, et al., 2010)
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Porosity Evolution in Unconvention
Reservoirs
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GRI or crushed-rock method

« Original GRI (Gas Research Institute) method developed for very tight rocks ;
0.002 — 0.45 nanoDarcy*
Shale reservoirs of commercial interest have permeability in ~10 — 3000
nanoDarcy range

! g,

&

pressure

time
As-received Crush to 20/35 Helium expansion

sample mesh size measurement
Data range used

Typically used for for permeability
grain volume interpretation’:

Estimate bulk Reaches 101-100 psi

volume from as- equilibrium slowly 0-15 min
received bulk as gas enters chips

density

Maintain fluid
content

15-30 grams

* Luffel et al. (1993) SPE 26633
"Matrix Permeability Measurement of Gas Productive Shales”




GRI Crushed Rock vs Plug Porosity

h)

=
&
=
1
=
=
@
fm
[+
o

o Sandstone
# [Vludstone
@ churned
4.00 6.00 500
Whole core plug He porosity (%)

Conventional Plug P&P B L S
: " P&P &

(Courtesy Rene Jonk reported in Spears et al, 2011)



Limitations of GRIl/crushed-rock method

Inconsistent Permeability results reported by 5 labs using similar techniques*
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* From Spears et al., 2011 "Shale Gas Core Analysis: Strategies for Normalizing Between Laboratories and a
Clear Need for Standard Materials”, SPWLA 52nd Annual Symposium, Colorado Springs, May 2011



Schematic of steady-state apparatus for low-
permeability measurements

Excellent agreement between
measurements and permeability
calculated from first principles
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Key Tipping Points for Source Rock Evaluation from Well Logs
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