Oil and Gas Exploration

By: Don Hall, Michael Sterner, and Rohit Shukla

Introduction:

Although unconventional oil and gas
plays are highly variable in terms of geol-
ogy, geochemistry and structure, many of
the key factors within these disciplines are
repetitively quoted as influencing success-
ful exploitation. These include:

1) Composition and quality of the
in situ petroleum fluid(s),

2) Controls on distribution and
volume of petroleum, both geo-
graphically and within a given
borehole,

3) Water saturation and potential
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for internal or external water pro-
duction,

4) Rock type and mineralogical
composition for log calculations,
lateral location and completion
optimization,

5) Natural fracture distribution and
porosity types,

6) Compartmentalization, sealing
and natural interconnectivity, and

7) Relative proportions of locally
generated and migrated petro-
leum.

These factors and other aspects of uncon-
ventional petroleum systems can be eval-

uated before, during or even instead of
expensive logging programs using the un-
avoidable byproducts of the drilling pro-
cess: namely, borehole gas and drill cut-
tings. Industry perception of the value of
these has waxed and waned over the years
due, in part, to variable data quality as well
as cost. Use of more advanced geochemi-
cal techniques is currently enjoying resur-
gence (partly the result of the evolution
of field ruggedized instrumentation and
more reliable analytical techniques) and is
paying dividends for those companies that
elect to implement them during evaluation
of unconventional plays. Of these technol-
ogies, the complementary combination of
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1) advanced mud-gas analysis in the field
using gas-chromatography (GC), mass
spectrometry (MS) or GC coupled with
MS, and 2) comprehensive cuttings analy-
sis for trapped fluids and elemental or
mineralogical content in the lab is one of
the most promising new methodologies.
As many unconventional resources have
a significant number of historical vertical
penetrations, rock-fluid databases can be
established rapidly and cost-effectively at
an early stage without drilling new wells
using small quantities of readily available
archived cuttings.

Advanced Mud-Gas Analysis:

Recent developments in application of
membrane-GC, GCMS and direct MS
analysis to mud gas, along with improve-
ments in mud-gas extraction instrumenta-
tion and techniques (e.g., constant volume,
constant temperature, gas-in and gas-out
arrangements) provide data sets that are
substantially more robust and detailed
than historical Hot-Wire/GC methods. Of
these new techniques, direct quadrupole
mass spectrometry (DQMS) is by far the
most comprehensive, sensitive and flex-
ible tool for compositional evaluation of
formation fluids in near real time. DQMS
evaluates C -C, petroleum species and in-
organic compounds such as carbon diox-
ide, helium, hydrogen, atmospheric gasses
(e.9., N,) and sulfur-bearing volatiles. It
can discriminate among the major classes
of volatile organic compounds (paraffins,
naphthenes, aromatics) as well as contri-
butions from the drilling fluid. Evaluation
of such a broad range of chemical com-
pounds allows for unsurpassed chemical
fingerprinting. Additionally, a number
of inorganic/organic species combina-
tions are indicative of specific subsurface
processes. For example, soluble aromat-
ics and organic acids have been found to
be indicative of water saturation within
charged reservoirs or water legs that are
proximal to oil or wet gas accumulations
(Barth, 1991; Burtell and Jones, 1996;
Zhang et al., 2005 ). Helium, among other
gasses, has been used to evaluate gas-oil

contacts and predict distance from that
contact in horizontal wells (Turich et al.,
2010).

The DQMS instrumentation is uniquely
suited for organic-base mud systems,
which typically hamper data analysis from
other devices, and works in low-pressure
reservoirs where conventional equipment
is ineffective. Within unconventional
plays, DQMS has been used to distinguish
among producible hydrocarbon fluid
types, identify lower quality or residual
accumulations, evaluate potential for wa-
ter production, assess compartmentaliza-
tion, and recognize fractures and faults
(see below). These data have been used to
optimize completions for less costly and
better producing wells allowing some op-
erators to rethink and minimize logging
runs. Monitoring drilling-generated hy-
drogen can serve as an early warning for
bit wear, failing down-hole motors and
general friction in the drill string. Where
utilized, this specific application has tan-
gibly contributed to lower drilling costs
(Hall and Sterner, 2012).

Comprehensive Cuttings Elemental-
Fluid Analysis:

A new procedure for cuttings or core anal-
ysis in the lab has been developed dur-
ing which the rock is first photographed
under visible and UV light, then crushed
and analyzed for included hydrocarbon
and non-hydrocarbon species with a sen-
sitive mass spectrometry system, and
finally probed for its elemental compo-
sition with a customized X-ray fluores-
cence (XRF) analyzer. A key aspect of the
process is that all analyses are conducted
on the same 0.4 gm rock sample with an
automated system, thus preserving inter-
relationships among rock type, fluid type
and rock chemistry. Automation and rapid
analytical cycles allow collection of large
data sets and encourages analysis of en-
tire wellbores from first returns to TD.
Individually the techniques are useful; but
together they 1) provide unique insights
into controls on hydrocarbon, reservoir

and pay distribution, 2) represent an ad-
ditional tool for well placement, and 3) al-
low organized archival of rock type, fluid
and rock chemistry information that is
easily retrieved and studied in the context
of future wells, even in the absence of the
original rock material. Of interest is that
these analyses can be performed on his-
torical samples of any age and drilled with
any mud/bit type.

Cuttings volatile data are used for a va-
riety of purposes, but the most practical
applications to unconventional reservoirs
are ultimately aimed at predicting fluid
type, composition, quality and volume in
tight rock, as well as identifying variabil-
ity along laterals that can be exploited for
more effective completions (Hall, 2008;
Hall et al, 1997; Munz, 2001). XRF data
of more than 30 major, minor and trace
elements in large cuttings sample sets
from vertical and horizontal wells can be
used with the high resolution sample im-
ages and/or spot petrography to document
lithology and cements; produce chemical
stratigraphic profiles in otherwise mo-
notonous sections; establish depositional
environments, facies and provenance;
and provide some information relevant to
rock behavior during completion activities
(Butcher, 2008; Hildred and Rice, 2012;
Marsala et al, 2011; Ratcliffe, et al, 2012;
Wright et al, 2010). Type profiles through
vertical penetrations can be used to help
optimize lateral placement and retrospec-
tively establish borehole trajectory in hor-
izontal wells. Finally, white light and UV
images provide grain scale details that can
be correlated with other data sets to pro-
vide a more integrated understanding of
what is controlling hydrocarbon and po-
rosity distribution in the reservoir as well
as general formation recognition, evalua-
tion of cuttings quality (and implied drill-
ing conditions), and presence of additives
that may affect other analyses. UV im-
ages indicate specific mineral or kerogen
fluorescence that can be correlated with
cement or rock types that are difficult to
recognize under white light. Kerogen flu-
orescence color can be related to maturity,

May ~ June 2013 | Page 401



Oil and Gas Exploration

Combining Advanced Mud-Gas and Rock-Fluid Analysis to Aid Exploration and Development

in Unconventional Plays, cont.

Enaly Ohabor, —

T
o Sulfur ( A
ulfur s
Species\& o ' .
l{-ﬁ‘mrMﬁ.whnm#w_lmwm y -,J,‘l.:"'\*wj.'v ﬂ!HL
S i e s .é-ﬁ*a""".v:m‘,;miﬁ_"._*{" Maore hydrogen

Helium (red)

§ Bt S

Fractures ey ' i
t ) L TA ——
Hydrogen (green) i i 0% T 7
ydrogen (g }h“-lﬁr'.u_'_ ﬁ“h'}'?ﬁh&g» A .: AL 'ﬂﬁ'l'r.ﬁ -.-;Ei, 'ﬁ.' T‘ N

could indicate
greater amount
of mature oil
prone kerogen
or bit gas

Ben/Tol (red) Watler
Ben/Hex (blue) i

Total Gas (blk)
C1/C4 (brwn)

e
e S (T — Lk
Enhanced/Depleted i
C1 Norm (red) E
C4 Norm (Green) . | e P .' )
;“,..'1_\ D f- |l ,.\-..'l“-...ll# : I
T ._n-"-"-'L'{' Jm‘.‘a.-.......—.._f'_rl.‘ '-:"J' s ,'__..-..-‘.1_ l:‘h'-'n-- ks l---..liI

WFoor

.Mudﬂrale

[ ]Good
[l Higher Sw
Besl: Overall

Figure 1. Direct Quadrupole Mass Spectrometry (DQMS) of organic and inorganic volatile species for completion considerations.

at least semi-quantitatively (Lo, 1987).
Archived images are much easier to man-
age than the samples themselves, persist
when samples are no longer available
and allow geologists to look at the rocks
at their desks without relying on sample
descriptions or lower quality images from
the well site.

Example 1: DQMS to Aid Completion:

Figure 1 illustrates selected DQMS data
from a horizontal wellbore within shale.
Three main gas-bearing zones are docu-
mented as is illustrated by the Total Gas,
Helium, C1 Norm and C4 Norm curves
(green bars, red brackets, “E” intervals,
red and orange bars, respectively). The
most producible intervals in the well,
based on gas volume and porosity, are
indicated where helium is high and sepa-
ration is recorded between the C1 Norm
and C4 Norm curves as a result of natural

chromatographic separation of light spe-
cies in tight rock. In other words, the frac-
tured or otherwise more porous sections
of the reservoir concentrate the mobile
species, which are weighted toward small
molecules like methane and helium. These
zones are referred to as “enhanced”, while
“depleted” zones occur where light/heavy
ratios are low (labeled “D” in Fig. 1).
Among other possibilities, depleted zones
may indicate that gas has been dissipated
via through-going fractures. The toe of the
wellbore contains higher concentrations
of sulfur which may represent an undesir-
able component of the produced fluid and
is known to be present in this particular
area (pink bracket). Of equal interest is the
distribution of water, which is indicated by
the ratios of benzene to toluene and ben-
zene to hexane (blue brackets and bars).
These increase in elevated water-saturated
intervals because benzene is more soluble
in water than toluene and hexane. Consid-

ering all of these data allows one to evalu-
ate the most prospective parts of the lat-
eral based on gas composition, gas qual-
ity, deliverability and potential for water
production. These intervals are indicated
by the green bars at the bottom of the dia-
gram. Availability of this extensive data
set based solely on mud gas represents a
dramatic improvement over conventional
approaches and is particularly valuable in
horizontal wells where log suites may be
minimal.

Example 2: FIS for Early Prediction of
Production:

A simple example of using cuttings vola-
tile analysis to anticipate and rank eventu-
al production in unconventional reservoirs
is shown in Figures 2 and 3. In Figure 2,
cuttings methane concentrations (cali-
brated millivolt responses from the mass
spectrometer) from the horizontal portions
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Figure 2. Fluid Inclusion Methane (FIS) response vs. Sample Number of horizontal segments of geographically proximal wells.

of four lateral wells drilled into the same
formation within a geographically restrict-
ed area are shown as a function of sample
number. Data suggest the wells are differ-
ent in terms of average response as well

as variability through the lateral. Figure
3 illustrates the summed Fluid Inclusion
Stratigraphy (FIS) response (divided by
10e6 for convenience) vs. average stabi-
lized daily production over a two-month

period. Clearly, the eventual relative pro-
duction from these wells could have been
anticipated immediately after drilling, and
actual production statistics from future
wells in the area can be reasonably pre-
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Figure 3. Average Cuttings Methane Response vs. Daily Production for the same four horizontal wells shown in Figure 2.

dicted from the FIS data. Furthermore,
contributions to the total production from
specific intervals in the wellbore can be
ascertained, which might influence com-
pletion strategies. For instance, approxi-
mately 23% of the produced gas from
well 4 appears to originate from a single,
contiguous 200 ft measured depth section
of the 2600 ft lateral (“A” in Fig. 2), and
approximately 50% of the gas is generated
from 600 ft or 23% of the horizontal sec-
tion (“A” + “B” on Fig. 2). Finally, mea-
surement of the intrinsic gas content of
the samples distinguishes wells that have
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been damaged or improperly completed
from those that were drilled in a gas-poor
section of rock.

Example 3: FIS and XRF for Targeting
Sweet Spots:

An example of combining XRF and FIS
data to identify and understand sweet
spotsis illustrated in Figure 4, a horizontal
wellbore through a light oil /condensate-
bearing section of the Cardium Sandstone,
Alberta. This well encountered an unex-
pected down-faulted section causing the

borehole to intersect the overlying shale.
The borehole was redirected into the un-
derlying sand near the end of the well.
These lithologic relationships are identi-
fied by the red (sand) and blue (shale) tick
marks on the left side of the figure, which
correlate with discrete zones on a silicon
vs. aluminum cross plot. The orange bands
represent duplicate sections at the top of
the sand that have very similar chemical
and volatile contents. The red band illus-
trates dry gas within the shale, possibly
related to fracturing in the vicinity of the
shale. The gas is clearly drier, and among
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Figure 4. Best production in this horizontal Cardium well (green) correlates with siderite associated porosity and high light-oil-inclusion abundance.
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other possibilities could indicate intro-
XRF Data DQMS Data : _ duction of more mature gas from deeper
"._ : | | in the system. Of particular interest is the
"\ r 1 - ' correlation of the highest FIS gas and oil
3 \ ; - | response with decreased silicon and in-
. . ; creased calcium and iron shown by the
f { _ green band. Petrographic work on cuttings
— ] indicates that this zone is characterized by
_ siderite-enhanced porosity (yellow arrows
- lower left image) and higher visual light
| ' oil / condensate inclusion abundance (blue
: ( fluorescing areas, lower right image). The
g - _ L 't green zone was tested separately and dis-
| played the highest initial rates in the well.
Use of this combined rock and fluid ap-
proach on vertical wells can be used to
more successfully place laterals.
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An example that utilizes both DQMS data
and advanced cuttings analysis is pre-
sented in Figures 5 and 6. The following
~ discussion concentrates on an interval at
= | approximately 8960 ft to 9110 ft (green
interval, Fig. 5). This zone displays a
t prominent DQMS anomaly characterized
— by C,-C, species and gas ratios that sug-
5“'_" gest light oil or condensate (Fig. 5; Panel
= A). Asslightly drier anomaly occurs with-
L in a restricted zone and may represent a
discrete gassier phase (or gas and oil) as
5 Gamma suggested by FIS data described in a sub-
FIS Data ) sequent paragraph. Water-saturation indi-
3 ' : cators (e.g., benzene/toluene and benzene/
=] cyclo-hexane) suggest minor movable wa-
. ter within this section, and the presence of
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Figure 5. Combined DQMS-XRF-FIS in a liquid-rich fractured cherty carbonate. tured, cherty carbonate. Aluminum, potas-
sium and iron distribution partly reflect
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Mineral Name Area %o
D Quartz A3.96
] calcite 17.28
M colomite 12.35
B mite 10.98
B 2patits 350
] Micrite 295
1 pyrite 241
1 particls Rims 147
[ Magioclase 1.36
B othes 127
B ~kall Feldspar 0.84
[ Backaround 064
Wl cther Silicates 0.35
W ~okerite 0.25
. Muscovits 013
1 slauconits 013
W viotite 0.05
B siderite 004
[ chiloaite 0.0
B simectites 0.0z
Il Fe-oxides 0.02
B rutile 002
B zircon 001
B aclinits 0.00
B Gt 0.00
B Gypsum/Anhydiite .00

Figure 6. QEMSCAN results from a liquid-rich fractured cherty carbonate (corresponds to 8990 ft in Fig. 5).

clay components, and molybdenum, arse-
nic, zinc and sulfur may indicate anoxia
and the presence of organic matter. The
gamma ray correlates fairly well with sul-
fur, given the differences in sample spac-
ing, consistent with the above interpreta-
tion. Petrographic observations indicate
the presence of mature oil-prone source
rock in some samples. Phosphorus is pres-
ent, in this case related to the presence of
apatite, and may indicate near-shore up-
welling environments with high surface
productivity. Arsenic is also generally

associated with nutrient-rich depositional
environments. Mineralogical trends were
verified independently via QEMSCAN
(see Fig. 6 from 8990 ft). This technique
creates a mineral composition map of a
petrographic thin section using a raster-
ing scanning-electron-microscope-based
energy-dispersive x-ray spectroscopy sys-
tem and software (Butcher, 2008).

FIS data (Fig. 5; Panel C) indicate species
to C,,-C,, with bulk mass spectra that re-
semble light oil. Low to middle 40’s grav-

ity oil inclusions are abundant in chert, in-
dicating high petroleum saturation. Some
gas / condensate is noted as well, suggest-
ing the presence of a dual-phase reservoir,
this is consistent with the DQMS observa-
tions noted above. FIS C, and C, relation-
ship imply two discrete charges (oil and
dry gas). The FIS data show sulfur species
are present, as previously described for
mud-gas data, suggesting that some sulfur
species (and minor CO,) may be produced
from this zone. These species are inter-
preted to be of high-temperature origin
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and probably are related to dry gas that
migrated into the structure from deeper in
the basin.

In conclusion, the combination of ad-
vanced mud gas analysis by DQMS and

advanced cuttings analysis via integrated
FIS, XRF and photography provides valu-
able and otherwise unobtainable informa-
tion with broad application to petroleum
exploration and development. These data
can be used to help understand the key as-

pects of conventional and unconventional
reservoirs that most commonly contribute
to successful exploitation and can aid in
optimizing wellbores and completions to
lower costs and allow for more efficient
drilling strategies.
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