
Citation: Cui, X.; Jiang, C.;

Nassichuk, B.; Wilson, J.

Characteristics of Canister Core

Desorption Gas from Unconventional

Reservoirs and Applications to

Improve Assessment of

Hydrocarbons-in-Place. Minerals

2022, 12, 1226. https://doi.org/

10.3390/min12101226

Academic Editor: Samintha Perera

Received: 17 August 2022

Accepted: 21 September 2022

Published: 28 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Characteristics of Canister Core Desorption Gas from
Unconventional Reservoirs and Applications to Improve
Assessment of Hydrocarbons-in-Place
Xiaojun Cui 1, Chunqing Jiang 2,* , Brent Nassichuk 1 and Jordan Wilson 1

1 AGAT Laboratories Ltd., Calgary, AB T2E 6V6, Canada
2 Geological Survey of Canada, Calgary, AB T2L 2A7, Canada
* Correspondence: dennis.jiang@nrcan-rncan.gc.ca

Abstract: Canister core desorption has been successfully applied to coal-bed methane evaluation
and exploitation as the technique eliminates the need for time-consuming down-hole fluid retrieval
through flow testing. The technique has also been used for the evaluation and exploration of early-
stage tight and shale gas reservoirs in recent years, although its success and applicability are poorly
understood. In this study, we analyzed a comprehensive canister desorption data set on 230 core
samples from nine exploration wells drilled into the Montney Formation in northeastern British
Columbia part of the Western Canada Sedimentary Basin (WCSB). The purpose of the study was
to illustrate the desorption characteristics of tight rocks and the relationship to reservoir properties
and operational parameters. Based on the measured core properties (e.g., porosity, fluid saturation,
permeability, total organic carbon (TOC) content, and adsorption isotherms) of canister samples
and adjacent core samples, non-isothermal gas transport in cores was modeled to quantify the
lost gas during core recovery and lost gas time at the surface. Gas volumes were measured and
subsampled by canister desorption tests. The results show that the gas contents measured by on-site
canister desorption only accounts for a minor (but significant) portion (about 2 to 25%) of the total
gas-in-place in the Montney Formation cores, with the lower percentages being associated with
samples of better reservoir qualities (e.g., higher porosity). Over 60–90% (mainly free gas) of the total
gas-in-place can be lost during core recovery, and up to 10% can be lost at surface, prior to canister
desorption. The measured canister desorption gas is mainly from adsorbed gas, and hence shows
strong positive correlation to TOC content. The study shows that the current canister desorption
test method severely underestimates in-situ gas content because it fails to correctly estimate the
total lost gas content, limiting the successful application of the desorption technique. Nevertheless,
the bulk properties and molecular compositions of the desorption gases are strongly correlated
to those of the gases produced in the same area, exhibiting distinctive gas composition profiles
throughout core desorption for different reservoir types or thermal maturity, and thus can provide
invaluable information for the initial evaluation of unconventional plays. A workflow of EOS-based
PVT property and compositional modeling is proposed to integrate the core desorption gas test
results with core analysis data and mud gas and/or produced gas data for improved characterization
of in situ reservoir fluids, and hence, better assessments of hydrocarbons-in-place and evaluations of
tight and shale reservoirs.

Keywords: core desorption; isotherm; tight and shale gas; PVT modeling; fluid characterization;
hydrocarbon-in-place

1. Introduction

The accurate characterization and assessment of hydrocarbon resources in place are
crucial for the exploration and exploitation of gas and liquid-rich tight and shale reser-
voirs. As illustrated in Figure 1, for unconventional gas or liquid-rich plays, the total
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hydrocarbons-in-place (THCIP) include free gas, adsorbed gas, solution gas in water, and
hydrocarbon liquids. These components must be determined separately and then integrated
together to determine the total hydrocarbons-in-place. Adsorbed gas is mainly determined
by adsorption isotherm experiments on representative core samples in the laboratory. Free
gas is determined based on effective porosity and gas pressure-volume-temperature (PVT)
properties under reservoir conditions. Solution gas in water is generally minor but can
be significant if pressure and water saturation are high, which can be estimated based
on a commonly used empirical correlation [1] or equation of state [2]. For retrograde
condensate gas reservoirs, the volume of residual condensate liquids in core samples and
their composition also needs to be determined for a complete hydrocarbon-in-place estima-
tion. Adsorption isotherms, porosity, and water and residual liquid/oil saturations can be
relatively accurately measured on fresh representative core samples using different core
analysis techniques. Residual liquid hydrocarbon compositions can be directly analyzed
using powdered core samples with thermal desorption–gas chromatography (TD–GC).
Canister core desorption tests of retrieved cores can yield direct measurements of gas
contents, and the desorption gas composition can be analyzed using gas chromatography
to establish gas fractionation through time. After quantification of each component, in
situ hydrocarbon fluid composition and total hydrocarbons-in-place can be determined by
using equation-of-state (EOS) based PVT modeling or empirical correlations, as illustrated
in Figure 1.

Minerals 2022, 12, x  2 of 26 
 

1. Introduction 
The accurate characterization and assessment of hydrocarbon resources in place are 

crucial for the exploration and exploitation of gas and liquid-rich tight and shale reser-
voirs. As illustrated in Figure 1, for unconventional gas or liquid-rich plays, the total hy-
drocarbons-in-place (THCIP) include free gas, adsorbed gas, solution gas in water, and 
hydrocarbon liquids. These components must be determined separately and then inte-
grated together to determine the total hydrocarbons-in-place. Adsorbed gas is mainly de-
termined by adsorption isotherm experiments on representative core samples in the la-
boratory. Free gas is determined based on effective porosity and gas pressure-volume-
temperature (PVT) properties under reservoir conditions. Solution gas in water is gener-
ally minor but can be significant if pressure and water saturation are high, which can be 
estimated based on a commonly used empirical correlation [1] or equation of state [2]. For 
retrograde condensate gas reservoirs, the volume of residual condensate liquids in core 
samples and their composition also needs to be determined for a complete hydrocarbon-
in-place estimation. Adsorption isotherms, porosity, and water and residual liquid/oil sat-
urations can be relatively accurately measured on fresh representative core samples using 
different core analysis techniques. Residual liquid hydrocarbon compositions can be di-
rectly analyzed using powdered core samples with thermal desorption–gas chromatog-
raphy (TD–GC). Canister core desorption tests of retrieved cores can yield direct meas-
urements of gas contents, and the desorption gas composition can be analyzed using gas 
chromatography to establish gas fractionation through time. After quantification of each 
component, in situ hydrocarbon fluid composition and total hydrocarbons-in-place can 
be determined by using equation-of-state (EOS) based PVT modeling or empirical corre-
lations, as illustrated in Figure 1. 

 
Figure 1. Schematic illustration of the various components of total hydrocarbons-in-place for un-
conventional liquid-rich reservoirs. 

As shown in Figure 1, canister desorption plays an important role in determining gas 
contents and composition during early-stage exploration or evaluation programs when 
no well production or test data are available. Canister core desorption has been success-
fully applied to determine the gas-in-place for coal-seam gas (or coal-bed methane) reser-

Figure 1. Schematic illustration of the various components of total hydrocarbons-in-place for uncon-
ventional liquid-rich reservoirs.

As shown in Figure 1, canister desorption plays an important role in determining gas
contents and composition during early-stage exploration or evaluation programs when no
well production or test data are available. Canister core desorption has been successfully
applied to determine the gas-in-place for coal-seam gas (or coal-bed methane) reservoirs
because gas in coal-seam or coal-mine reservoirs occurs predominantly in an adsorbed
state, and coal seams have extremely low matrix permeability [3–5]. The canister core
desorption test has also been adapted for evaluating the gas contents of organic-rich shale
and tight gas reservoirs [6]. Several studies have applied canister core desorption data to
estimate the volume of desorbed gas during production in the Montney Formation, based
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on petrophysical well log data and limited canister desorption data [7,8]. Kang et al. [9]
performed a numerical simulation using canister desorption results from two Longmaxi
gas shale samples to estimate the lost gas volume and total gas contents of gas shale. Han
and Zhang [10] described an improved method for shale canister desorption measurements.
Dang et al. [11] compared different methods for “lost” gas estimation based on a shale
gas play in China. Nie et al. [12] demonstrated that time-series desorption data of freshly
drilled cores can provide valuable information regarding the kinetics of gas release from
shale cores.

Overall, the characteristics of core desorption gas from unconventional tight and shale
rocks other than coals are still under-studied and poorly understood; thus, its application to
reliable evaluation of tight and shale reservoirs deserves a more in-depth investigation. The
main concern for the applicability of canister core desorption for tight and shale gas play is
that the volume of gas lost during core retrieval and at surface before the commencement
of canister desorption can be significant due to the higher permeability and relatively lower
adsorbed gas in shale and tight rocks. Thus, the measured gas contents from canister
core desorption experiments can be significantly lower than the total hydrocarbons-in-
place [13]. Different methods have been proposed for better estimation of the “lost” gas
prior to starting of the canister desorption test [11,14]. The relative amounts of lost gas and
captured desorption gas can be affected by many factors, including operational factors (such
as core tripping speed and time lost at surface), core properties (especially permeability,
porosity, saturations, TOC, and mineralogy), reservoir pressure and temperature, as well as
initial gas-in-place. To our knowledge, no previous studies have systematically studied
the effects of these factors on canister desorption gas contents or how successful canister
desorption can be applied for evaluating tight and shale gas reservoirs. Here, we present
a relatively large data set of 230 core canister desorption tests from nine wells drilled
into the Montney Formation of northeastern British Columbia, in the Western Canada
Sedimentary Basin (WCSB), to comprehensively understand the characteristics of canister
core desorption gas of unconventional reservoirs.

In this study, quantitative assessment of the hydrocarbon gases released from cores
during core retrieval to the surface, “lost gas time” at surface, and canister core desorption
was conducted through simulation of non-isothermal gas transport in cores subjected to
these different processes (i.e., variable pressure and temperature boundary conditions).
The associational and causal relations among various rock properties and operational
parameters were statistically analyzed based on the Pearson correlation coefficient matrix
and the hierarchical clustering of variables. The results afford us a comprehensive under-
standing of the characteristics of core canister desorption and shed light on the factors
controlling the volume of free gas and adsorbed gas in the various stratigraphic zones of the
Montney Formation, as well as gas transport characteristics in the microporous Montney
Formation rocks.

For liquid-rich or retrograde condensate gas reservoirs and volatile oil reservoirs,
accurate characterization of in situ hydrocarbon fluid composition and the associated PVT
properties is paramount for reservoir evaluation, exploitation, and operational optimization.
However, representative fluid sampling from liquid-rich low-permeability reservoirs is
very challenging due to the severe fractionation of hydrocarbon fluids. Fractionation is
a result of the well bottom-hole pressure becoming lower than the saturation pressure
of the in situ fluid during well tests and production [15,16]. Consequently, significant
amounts of heavier hydrocarbon components can be condensed into the liquids and
remain in the reservoir or wellbore instead of being produced or sampled. On the other
hand, well-site canister desorption of retrieved cores captures the heavier hydrocarbon
components and residual hydrocarbon liquids remaining in the cores, and therefore, is a
better representative of the complete heavy components of the in situ reservoir hydrocarbon
fluids; however, the corresponding lighter components are lost into mud gas and the
atmosphere during core recovery and extraction from the core barrel. Hypothetically,
re-combination of the desorption gas, residual liquid or oil, and mud gas or produced
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hydrocarbon fluids would yield a more representative sample of in situ reservoir fluid for
liquid-rich tight reservoirs that often experience severe liquid drop-out leading to biased
surface sampling [17]. Based on this hypothesis, a novel approach is proposed to integrate
the core analysis data, adsorption isotherm, canister gas content and compositional data
along with properties of mug gas and/or produced gas to obtain a more accurate estimate
of in situ fluid compositions, thus producing a better assessment of hydrocarbons-in-place
for tight and shale reservoirs. The proposed approach is especially applicable to liquid-rich
and retrograde condensate reservoirs during early-stage exploitations with limited well
test and production data available.

2. Geological Background, Samples, and Methods

The Lower Triassic Montney Formation in the WCSB consists of thick and geograph-
ically extensive siltstones spreading from northeastern British Columbia to west-central
Alberta ([18], Figure 2a). Tremendous hydrocarbons-in-place were estimated for the Montney
Formation, with estimated marketable hydrocarbons including 12.7 trillion m3 natural gas,
2.3 trillion m3 NGL, and 179 million m3 oil [19]. Horizontal wells have been drilled and stim-
ulated with multi-stage hydraulic fracturing treatments to optimize hydrocarbon recovery.

Minerals 2022, 12, x  4 of 26 
 

components and residual hydrocarbon liquids remaining in the cores, and therefore, is a 
better representative of the complete heavy components of the in situ reservoir hydrocar-
bon fluids; however, the corresponding lighter components are lost into mud gas and the 
atmosphere during core recovery and extraction from the core barrel. Hypothetically, re-
combination of the desorption gas, residual liquid or oil, and mud gas or produced hy-
drocarbon fluids would yield a more representative sample of in situ reservoir fluid for 
liquid-rich tight reservoirs that often experience severe liquid drop-out leading to biased 
surface sampling [17]. Based on this hypothesis, a novel approach is proposed to integrate 
the core analysis data, adsorption isotherm, canister gas content and compositional data 
along with properties of mug gas and/or produced gas to obtain a more accurate estimate 
of in situ fluid compositions, thus producing a better assessment of hydrocarbons-in-place 
for tight and shale reservoirs. The proposed approach is especially applicable to liquid-
rich and retrograde condensate reservoirs during early-stage exploitations with limited 
well test and production data available. 

2. Geological Background, Samples, and Methods 
The Lower Triassic Montney Formation in the WCSB consists of thick and geograph-

ically extensive siltstones spreading from northeastern British Columbia to west-central 
Alberta ([18], Figure 2a). Tremendous hydrocarbons-in-place were estimated for the 
Montney Formation, with estimated marketable hydrocarbons including 12.7 trillion m3 
natural gas, 2.3 trillion m3 NGL, and 179 million m3 oil [19]. Horizontal wells have been 
drilled and stimulated with multi-stage hydraulic fracturing treatments to optimize hy-
drocarbon recovery. 

Canister desorption tests on 230 Montney Formation core samples were used in this 
study. The cores were taken from nine Montney Formation exploration wells in northeast 
British Columbia during early-stage exploration and evaluation. All cores were recovered 
using conventional coring techniques, without being sealed or pressured in core barrels 
during their retrieval to the surface (Figure 2a). The majority of the cores were recovered 
from the upper Montney Formation zone with a mixed lithology of shale interbedded 
with siltstone and fine-grained silty sandstone. The depth interval of the evaluated cores 
ranges from approximately 2000 to 3200 m in burial depth (Figure 2b). 

 
Figure 2. Study area and sample well locations: (a) map showing the distribution of lithofacies of 
the Montney Formation in the Western Canada Sedimentary Basin (after Cui and Nassichuk [6]); 
Figure 2. Study area and sample well locations: (a) map showing the distribution of lithofacies of
the Montney Formation in the Western Canada Sedimentary Basin (after Cui and Nassichuk [6]);
(b) depth contour map of the formation top of the Upper Montney Formation in the study area based
on 1020 production wells represented by the gray open circles. The purple squares represent the
Montney Formation wells selected for the canister core desorption tests included in this study.

Canister desorption tests on 230 Montney Formation core samples were used in this
study. The cores were taken from nine Montney Formation exploration wells in northeast
British Columbia during early-stage exploration and evaluation. All cores were recovered
using conventional coring techniques, without being sealed or pressured in core barrels
during their retrieval to the surface (Figure 2a). The majority of the cores were recovered
from the upper Montney Formation zone with a mixed lithology of shale interbedded with
siltstone and fine-grained silty sandstone. The depth interval of the evaluated cores ranges
from approximately 2000 to 3200 m in burial depth (Figure 2b).

For a typical on-site canister core desorption test, when a core is retrieved to the
surface, a representative core segment (e.g., 30 cm long) is promptly prepared and put into
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a pre-purged canister. The canister is then sealed with a cap and maintained at a constant
temperature (e.g., 50 ◦C) in a heated water bath or oven for the desorption test. Desorbed
gas in the canister is released through a valve on the cap for quantitative collection in
short intervals of minutes to hours in the first one or two days. Following initial rapid
data collection for the first two days, subsequent measurements are made once a day
thereafter until very little to no gas is desorbed [6]. A typical desorption profile in shale
and tight rock formations proceeds for 30 days or more. After the canister desorption
test, a subsample is taken from the core and crushed to liberate and rapidly collect the
residual gas. The gas released from the crushed sample is termed “crushed gas”, and the
gas accumulated from canister desorption test is called “measured gas”. The gas that was
lost out of the cores and not captured during or after core retrieval to surface and prior to
canister desorption is defined as “lost gas”. Lost gas quantities are commonly estimated
based on early-time desorption data using empirical or theoretical techniques, such as
the USBM direct method [20], Smith–Williams method [21], Amoco curve fit method [22],
and modified methods [23]. In our study, we defined lost gas as the y-intercept of a linear
regression fit to the first several hours on a cross plot of cumulative desorption gas content
versus the square root of time. For shale and tight rock formations, time zero for lost gas
determinations starts at the point which the core reaches the surface. The total desorption
gas content of a core sample is taken as the sum of lost gas, measured gas, and crushed gas,
and is reported at standard temperature (15.56 ◦C) and pressure (101.325 kPa), in cubic
centimeters (cc) per unit sample mass (gram) at as-received core condition.

Desorption gas collected at different stages of the canister desorption test was ana-
lyzed for composition using gas chromatography–flame ionization detection (GC–FID) for
selected core samples. The bulk gas composition of a core sample is calculated based on
the volume-weighted average of all gas samples collected over the desorption period. The
time profiles of cumulative desorption gas volume were used to estimate the early-time
and late-time permeability of the core samples using the early-time and late-time methods
proposed by Cui et al. [24].

Programmed pyrolysis (e.g., Rock-Eval) analysis was conducted on the core sub-
samples after canister desorption to determine the bulk organic geochemical properties
including TOC content (wt%), S1 (mg/g, amount of volatile or free hydrocarbons), S2
(mg/g, amount of hydrocarbons generated through thermal cracking of nonvolatile organic
matter, e.g., kerogen of a sample), and the thermal maturity parameter, Tmax (the pyrolysis
temperature at which maximum release of hydrocarbon from kerogen cracking occurs
during pyrolysis). Total porosity, effective porosity, liquid saturations, and mineralogy of
the canister desorption core samples were either directly measured on the core samples or
interpolated from the measured values of adjacent core samples that were at most a few
centimeters above or below the same core. Methane adsorption isotherms were also mea-
sured on selected samples from the Montney Formation wells under reservoir temperatures
in the laboratory.

3. Results of Canister Core Desorption and Core Analysis
3.1. Desorption Gas Contents

The measured canister desorption gas contents for the 230 Montney Formation core
samples varied from 0.07 to 0.94 cc/g of rock, but primarily fell in the range of 0.1–0.4 cc/g.
Core samples from the same well also had variable cumulative desorption gas, with the
completion of desorption occurring between about 700 and 2000 h (Figure 3a). Samples
from some wells had a rapid desorption stage near the end of the desorption test at an
elevated temperature of 60 ◦C instead of 50 ◦C, as indicated by the kinks in the cumulative
desorption gas content curve in Figure 3a. Figure 3b,c presents the normalized cumulative
desorption gas content (i.e., cumulative gas content divided by the total measured gas
content) versus the square root of desorption time. For most samples, over half of the
measured gas was desorbed within the first 25 h (i.e., before the five mark on the x-axis in
Figure 3b,c), with “lost gas time” varying between 1 and 4 h prior to the canister desorption
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test (Figure 3c). The normalized lost gas estimated for these samples varied from about
0.25 to 1.5 times of the measured desorption gas content, being shown as negative values in
Figure 3c, where zero normalized-cumulative desorption gas corresponds to the moment
when core samples are placed into the canister for the desorption test. The early-time
desorption profiles indicate that core samples from the same well tend to cluster together
and follow a similar trend (Figure 3c). The lost gas contents are estimates for the amounts of
gas potentially lost at the surface only, and do not include any gas lost during core retrieval
from the reservoir to the surface; therefore, they do not represent the true amounts of total
lost gas from the cores.
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3.2. Effects of Operational Factors on Core Desorption Gas Content

The measured desorption gas contents correlate poorly with core depths (Figure 4a).
The nine wells in the study area showed similar minimal desorption gas contents, at about
0.1 cc/g for their cores, whereas their maximal measured desorption gas contents increased
with the core depth, from ~0.4 cc/g for wells of a burial depth of ~2100–2200 m to 0.9 cc/g
at 3150 m (Figure 4a).

The average core retrieval speed (i.e., core depth divided by total core retrieval time
used) varied between about 5.5 and 14 m/min for the studied core samples (Figure 4b). In
general, higher values of the maximal desorption gas contents were associated with faster
core retrievals, except for some samples from well 11-81-21 and two samples from wells
28-79-21 and 2-78-22 (Figure 4b). However, the minimal desorption gas contents of each
well do not seem to show any correlation with the core retrieval speeds.

Figure 4c shows the relationship between the measured desorption gas contents and
lost gas time for core samples. Longer lost gas time at surface prior to canister desorption
does not necessarily result in lower gas contents for most samples, even from the same
well. An exception to this were the core samples from well 34-80-18, where the desorption
gas contents seemed to decrease with increasing lost gas time. Nevertheless, their lowest
desorption gas contents, being around 0.15–0.2 cc/g with the longest lost gas time at surface
of about 3–4 h, were still much higher than the lowest values of below 0.1 cc/g for the other
wells/cores (Figure 4c).
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3.3. Core Desorption Permeability

Core desorption permeability was estimated using the early-time and late-time tech-
niques proposed by Cui et al. [24]. As the desorption gas was released and collected
intermittently, rather than continuously, from the desorption canisters in this study, the
estimated desorption permeability for the canister core samples is only a first-order
approximation. The early-time desorption permeability varied between 4 × 10−5 and
8 × 10−4 md (Figure 5a), whereas the late-time desorption permeability was about two
orders of magnitude lower, ranging from 3 × 10−7 to 3 × 10−5 md (Figure 5b). Although
the overall data are relatively scattered, samples from the same well and as a whole appear
to show that samples with lower measured gas contents have higher early-time desorption
permeability (Figure 5a). This weak trend is not observed at all between measured gas
content and late-time desorption permeability (Figure 5b). Despite the poor relationship
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between measured desorption gas contents and the derived desorption permeability values,
the desorption half time—required to desorb half of the measured gas—was positively
correlated with measured gas content, for individual well samples and for all samples as a
whole (Figure 5c). In addition, early-time and late-time permeability were poorly corre-
lated but seemed to have an overall positive correlation with wide scattering. Moreover,
desorption permeability data from individual wells tended to cluster together to develop
well specific trends (Figure 5d).
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Figure 5. Characteristics of canister desorption for the studied Montney Formation cores: (a) cross-
plot of measured desorption gas content versus estimated early-time desorption permeability;
(b) cross-plot of measured desorption gas content versus estimated late-time desorption permeability;
(c) cross-plot of measured desorption gas content versus desorption half-time; and (d) cross-plot of
estimated early-time desorption permeability versus estimated late-time desorption permeability.

3.4. Effects of Organic Matter on Core Desorption Gas Content

The occurrence of organic matter is paramount for unconventional hydrocarbon plays.
Organic matter is considered the main source of hydrocarbon generation and contributes to
the pore space and adsorption capacity of hydrocarbon gas in organic-rich unconventional
reservoirs. Organic matter in reservoir or source rocks is commonly characterized by pro-
grammed pyrolysis, such as Rock-Eval or HAWK analysis. For the 230 Montney Formation
core samples for canister desorption, the TOC values ranged from about 1 to 7%, with the
majority of samples being less than 4% (Figure 6a). The total measured desorption gas
contents (measured + crushed) increased with increasing TOC for the majority of studied
core samples, from ~0.15–0.2 cc/g at ~1% TOC to ~0.4–0.6 cc/g at ~4 % TOC (Figure 6a).
The total measured desorption gas contents generally increased with the Tmax values
from Rock-Eval analysis, varying from ~0.2 cc/g at a Tmax of 435 ◦C to 0.4–0.7 cc/g at a
Tmax of 470 ◦C with a few scattered data points (Figure 6b). These positive correlations
appeared to hold true for all samples from individual wells. Due to the relatively low
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TOC of most Montney Formation samples, the Tmax values had poor quality and only
samples with S2 > 0.3 mg/g and TOC > 1% were included. It is interesting to note that
the total measured desorption gas contents decreased with increasing S1 values, from
0.4–0.9 cc/g at S1 = 0.1 mg/g down to about 0.2–0.4 cc/g at S1 = 1.5 mg/g for all but wells
33-78-17, 34-80-18, and 9-81-19 (Figure 6c). Core samples from the latter three wells had
S1 > 1.5 mg/g, and the desorption gas contents generally increased with increasing S1 val-
ues. Total measured gas contents of all samples weakly correlated with the S2 values
but with large scattering, showing only a slight increasing trend (Figure 6d). This weak
correlation was also reflected in the relationship between desorption gas contents and
Rock-Eval HI values for the studied core samples that were all less than 70 mg HC/g TOC,
and mostly below 40 mg HC/g TOC. The very low HI values are consistent with previous
findings that showed that the organic matter in the Montney Formation siltstone reservoirs
were mainly pyrobitumen due to the thermal cracking of secondary bitumen accumulated
in the reservoir [25].
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Figure 6. Correlations of measured desorption gas contents with organic matter properties for the
Montney Formation core samples: (a) content of TOC—total organic carbon; (b) maturity parameter
Tmax—temperature at which maximal release of hydrocarbons occurs during pyrolysis; (c) S1—
content of volatile hydrocarbons in the sample; and (d) S2—generated hydrocarbons through thermal
cracking of nonvolatile organic matters (e.g., kerogen).

3.5. Relationship between Core Desorption Contents and Porosity and Mineralogical Compositions

Total and effective porosity and mineralogy of the canister desorption core samples
were interpolated from laboratory measurements on adjacent core samples (typically less
than a few centimeters away from the canister samples in depth), as no porosity and
mineralogy were directly measured on the 30 cm long canister samples. The total measured
desorption gas contents for most samples seemed to decrease with increasing total porosity,
from 0.4–0.6 cc/g at ~3% porosity to about 0.2 cc/g at ~9% porosity (Figure 7a). However,
samples from wells 9-81-19 and 35-78-21 showed a different decreasing trend, with higher
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desorption gas contents as a whole. The total measured canister desorption gas contents did
not noticeably correlate with mineralogy composition in general, as highlighted by the cross-
plot of total measured gas content versus clay mineral (illite/mica + kaolinite + chlorite)
contents in Figure 7b, with illite/mica being the predominant clay mineral for most samples.
A similar relationship was found for desorption gas content and effective porosity, as there
was a strong linear correlation between total porosity and effective porosity (Figure 7c).
Overall, total porosity and measured desorption gas content were weakly correlated but
showed a more observable correlation than mineralogy and desorption gas content.
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Figure 7. Correlations of measured desorption gas contents with (a) total porosity, (b) clay mineral
contents, and (c) total porosity and effective porosity, shown in a cross plot. The porosity and
mineralogy of the canister core samples were interpolated from laboratory measurements of adjacent
samples, at most just a few centimeters above or below the canister samples along core axis.
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3.6. Desorption Gas Composition

Figure 8 presents cross plots of desorption gas compositions versus depth. Desorbed
gases tend to be enriched in light components with larger incremental desorbed gas vol-
umes at earlier desorption stages but contain more heavy components and CO2 with
smaller incremental desorbed gas volumes at later desorption stages. The gas composition
presented here is a volume-weighted average of the total desorbed gas of a core sample.
Gas dryness index (DI = 100 × C1/(C1 − C5)) of the desorbed gas generally increased
with increasing burial depth of the cores, from about 60 for cores at 2100 m burial depth to
about 98 for cores at 3100 m deep (Figure 8a). In addition, Montney Formation cores from
shallower wells (i.e., <2800 m deep) showed wider variation (i.e., ±20%) in the desorption
gas dryness, and the variation narrowed significantly with increasing burial depth of the
wells/cores (Figure 8a). CO2 content in the desorption gas from shallow wells of cores
(e.g., <2800 m) was less than 2%, whereas cores from deeper Montney Formation wells
displayed an increased amount of CO2 with increasing burial depth, from an average of
0.5% for cores at 2500 m to ~5% at ~3100 m (Figure 8b).
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Figure 8. Compositional characteristics of canister core desorption gas: (a) variation of gas dryness
index DI with core depth and (b) variation of CO2 content with core depth.

3.7. Total Gas-in-Place

Adsorbed hydrocarbon gas in organic-rich unconventional tight gas reservoirs can be
an important component of the total gas-in-place or total in situ gas content. Adsorbed gas
can be quantified by adsorption isotherms, which is commonly defined by the Langmuir
isotherm with Langmuir volume and pressure. The Langmuir adsorption volume of
selected Montney Formation core samples were normalized to their TOC contents and
are presented in Figure 9a as a function of the corresponding reservoir temperatures. It is
worth noting that the Langmuir volume per unit mass of organic matter increased with the
reservoir temperatures at which the isotherms for the cores were measured, varying from
about 6 cc/g TOC at 65 ◦C to over 10 cc/g TOC at 95 ◦C. This was likely due to the fact that
organic matter in the Montney Formation cores from deeper burials or higher reservoir
temperatures experienced more advanced thermal maturation. Thus, they may have had a
greater surface area for adsorption [26], despite the general decrease in adsorption capacity
for both kerogen and the rock matrix with increasing temperature [26–28]. The adsorbed
gas contents calculated using the measured Langmuir isotherms were compared with
total measured desorption gas (measured + crushed) and are presented in Figure 9b. Our
findings indicated that the total measured gas contents were within the ranges of the in situ
adsorbed gas defined by the limited number of adsorption isotherm measurements carried
out. However, some samples had lower total measured gas contents than adsorbed gas,
except for well 9-81-19, which had lower in situ adsorbed gas than measured desorption gas.
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Figure 9. Characteristics of adsorbed gas, total gas-in-place and measured canister desorption gas con-
tents for the studied Montney Formation cores: (a) the correlation of measured Langmuir adsorption
volume of methane per unit mass of organic matter with reservoir temperature; (b) a comparison of
estimated adsorbed gas and measured canister desorption gas contents, (c) a comparison of estimated
total gas-in-place or in situ gas content and adsorbed gas and measured canister desorption gas; and
(d) a comparison of the relative percentages of total canister desorption gas, measured desorption
gas, and calculated adsorption gas, with respect to the total gas-in-place. The measured methane
adsorption isotherms were only available from 5 Montney Formation wells listed in (b), which were
used to estimate adsorption gas for all canister samples shown in (c,d).

Methane adsorption isotherms were used to estimate the total gas-in-place (TGIP) in
this study. For most of the canister-desorption samples, the methane adsorption isotherms
were derived based on the TOC contents and bulk sample densities, using the correlation
shown in Figure 9a. Methane compressibility factors under different pressures and tem-
peratures were calculated using the program SUPERTRAPP [29], to estimate the free gas
amounts under reservoir conditions. The pressure of each sample was estimated based
on drilling mud weight and core depth, and temperatures were based on downhole tem-
perature measurements. The total gas-in-place or in situ gas content (per unit mass basis)
was considered to be the sum of free gas stored in effective pore space and adsorbed gas.
For simplicity, solution gas in water was not considered here due to the low solubility of
methane in water and the relatively low water saturations (~20%) for most cores in the
study area (i.e., the effective gas porosity was about 81.4% of total porosity, as shown in Fig-
ure 7c), and the gas was assumed to be 100% methane. These assumptions are reasonable,
as it was shown later by field data that methane was the predominant component (>85%)
and CO2 was less than 3% in all canister desorption core wells, (except for well 2-78-22)
even though canister desorption gas can have significant amounts of C2+ in shallow wells
(Figure 8). The estimated total gas contents for all canister samples are shown in Figure 9c,
demonstrating that total gas-in-place per unit sample mass varied between 2 and 10 cc/g,
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mostly in the range of 4–8 cc/g. Although the adsorption gas content noticeably increased
with sample depth, from about 0.1–0.3 cc/g at 2100 m to 0.4–1 cc/g at 3100 m, it was slightly
lower than the total canister desorption gas (measured + lost) content for samples deeper
than 2600 m and significantly (about 50%) lower for shallower samples.

The relative percentages of total measured desorption gas, total desorption gas
(i.e., total measured desorption gas plus lost gas), and estimated adsorption gas based
on isotherms relative to the total gas-in-place (i.e., free gas + adsorbed gas) are shown in
Figure 9d. The percentages of these components decreased exponentially with increasing
total gas-in-place. For example, the percentage of the total desorption gas decreased from
about 50% at TGIP = 1.5 cc/g to about 5% at TGIP = 12.5 cc/g, with most samples being
in the 25–5% range and between 3 and 8 cc/g TGIP (Figure 9d). The overall trend of
the measured desorption gas content was similar to the estimated adsorption gas based
on methane adsorption isotherms, which were about 2–10% lower than that of the total
desorption gas.

3.8. Well Production Data

As the wells selected for the canister core desorption tests in this study were drilled in
the early-stage exploration phase in the Montney Formation, most wells have no production
data or have not been put on production due to operational considerations. Therefore,
pseudo-produced fluid properties were interpolated based on the properties of hydrocarbon
fluids from 1021 production wells in the study area, as shown in Figures 2b and 10a,c,e,g.
The pseudo-field gas dryness index (DI), ethane + propane (C2–C3) concentrations, CO2
concentrations, and the cumulative gas produced in the first 12 months of production are
cross-plotted against the corresponding canister-desorption data for the studied wells in
Figure 10b,d,f,h, respectively.
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The pseudo- or interpolated gas DI values of produced gas in the study area showed
a strong linear correlation with the DI values of the canister desorption gas (Figure 10b).
However, desorption gas DI is systematically lower than that of the pseudo-produced gas.
The concentration of C2–C3 of the desorption gas also correlated well with the interpolated
C2–C3 concentration of the field gas (Figure 10d); however, C2–C3 concentrations of des-
orbed gases were about two times higher than that of the pseudo-produced gas (Figure 10d).
Furthermore, the CO2 concentrations of desorption gas were also about two times higher
than those of the pseudo-field gases, except for the wells with a CO2 concentration below
0.25% (Figure 10f). The cumulative gas produced in the first 12 months of production
correlated poorly with the average well desorption gas contents (Figure 10h). The wells
with the highest cumulative gas production (>3 × 107 m3) had relatively low desorption
gas contents of about 0.35–0.4 cc/g, whereas two wells with the lowest cumulative gas pro-
duction (<8 × 106 m3) had the highest average canister desorption gas contents of >0.6 cc/g
(Figure 10h). Locations or wells with a higher average gas-in-place (estimated based on
core data, represented by the corresponding open symbols in Figure 10h) produced lower
cumulative amounts of gas in the first 12 months, implying that well performance in the
Montney Formation was not solely controlled by reservoir properties or resources in place,
but also influenced by well completion and stimulation operations.
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4. Simulation of Core Retrieval and Canister Core Desorption

A radial one-dimensional non-isothermal gas transport model was constructed to
study the gas losses during core retrieval, lost gas time at the surface prior to canister
desorption, and subsequent gas desorption in the canisters. As heat advection by gas
and diffusion through gas in low-permeability rocks is negligible, only heat conduction
through a rock matrix was considered in this study. Based on typical thermal properties
of sedimentary rocks, a value of 1000 J/Kg/K for heat capacity and 2.5 W/m/K for heat
conductivity were used [30]. Gas transfer was modeled using Darcy’s law with constant gas
permeability, and gas adsorption was modeled based on the measured Langmuir isotherms,
as described in Section 3.7. Dirichlet boundary conditions for pressure and temperature,
which were applied to the external core surface during core retrieval, varied accordingly
during core retrieval, and were calculated based on the core retrieval speed and drilling
mud weight used for coring these wells. An average geothermal gradient (2.5 ◦C/100 m)
was applied for all the wells. The core retrieval speeds were modeled as an exponential
function of depth, consistent with common practice in the industry, with higher speeds
initially at deeper depths, and lower speeds as the core approaches the surface; the resulting
total retrieval time equals the actual retrieval time used to recover the individual cores. As
most canister core desorption was carried out at 50 ◦C, constant temperatures of 15.6 and
50 ◦C were applied to the external circumferential surface during the lost gas time at surface
and desorption in canister, respectively, whereas pressure at the external boundary was
fixed at atmospheric pressure after samples were retrieved to surface. The measurements
of porosity, effective porosity, TOC, adsorption isotherms, core depth, and initial pressure
and temperatures used for the total gas-in-place estimation in Section 3.7 were also used
for core recovery and desorption simulations. Heat conduction and gas transport in core
samples were fully coupled and realized using the open-source software MRST [31].

The application of the early-time and later-time permeability in the core recovery and
desorption simulations failed to reproduce the observed desorption gas contents for the
studied Montney Formation cores. As such, GRI permeability data on a set of Montney
Formation core samples adjacent to the canister core samples were used to predict the
methane gas permeability of the canister samples (Figure 11a). As the GRI permeability
was measured using helium on cleaned and dried core samples of 20–40 mesh particle
sizes, a conversion from helium permeability to methane permeability was performed
assuming a dominance of Knudsen effects [6,32], and the derived methane permeability
was about two-fold lower than the corresponding helium permeability. Furthermore, the
effective methane permeability was estimated based on the effective porosity (Figure 7c)
by multiplying the estimated methane permeability by a factor of (1 − Sw)2, where Sw is
the initial water saturation of the core samples. Interestingly, using the estimated methane
permeability resulted in simulated canister desorption gas contents (open blue circles and
solid blue curve, Figure 11b) that were fairly consistent with the laboratory measured
canister core desorption gas contents (open red circles and solid red curve, Figure 11b).
Even after considering the effect of drilling mud invasion (e.g., assuming 1 mm penetration
into cores and an increased water saturation of 50%), the simulated desorption gas results
(light cyan solid curve, Figure 11b) were only slightly higher compared with the measured
gas contents (red solid line, Figure 11b).

The cumulative gas desorption/loss versus time are shown in absolute quantities in
Figure 11c and in normalized values with respect to the measured desorption gas contents
of all studied core samples in Figure 11d. In these two figures, time zero is set as the instant
the core is retrieved to the surface. A zero gas content is defined as the commencement of
canister core desorption. Therefore, the amount of gas lost before canister desorption and
the time before the core reaches the surface are both negative. As shown in Figure 11c, the
modeled canister desorption gas contents vary between 0.15 and 0.6 cc/g at up to 500 h of
desorption, whereas the total lost gas during core retrieval and at surface can be as high as
10 cc/g. Although the total lost gas can be 2 to 35 times the amount of canister desorption
gas, the amount of gas lost within the first 1–4 h at surface is about 0.1 to 1.5 times the
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amount of canister desorption gas (Figure 11d). In fact, the amounts of lost gas at surface
from the simulation (Figure 11d) were fairly consistent with the lost gas estimates based on
extrapolation of the canister desorption curves from the studied core samples (Figure 3b,c).
However, the latter did not consider the gas lost during core recovery, hence often resulting
in a severe underestimate of total gas content.
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ability estimated and used for simulation; (b) percentages of total in situ gas for the two types of
lost gases from the simulation and desorption gas obtained from both measurement and simulation;
(c,d) Simulated time profiles of gas production or release from the studied cores. Samples from the
same well have the same color; time zero is defined as the moment when cores are recovered to
surface on well site; and zero gas content is defined as the beginning of canister core desorption test.

In summary, the simulation results generally confirmed that the canister core desorp-
tion procedure can only capture a minor amount of the total gas-in-place, and that the
majority of the gases are free gases, of which 60–90% can be lost during core recovery, and
a further 5–15% can be lost at the surface prior to canister core desorption (Figure 11b).

5. Discussions
5.1. Correlations of Core Desorption Data to Geological, Petrophysical, and Operational Parameters

The gas contents obtained from canister core desorption tests were highly variable
in our study area of the Montney Formation, ranging from less than 0.2 cc/g to over
0.8 cc/g of rock, and were poorly correlated with most reservoir properties and operation
parameters (Figures 4–7). To gain a quantitative understanding of any correlational or
causal relations between canister desorption gas contents and the considered parameters, a
Pearson correlation coefficient (PCC) matrix among the variables was created and is shown
as a heat map with hierarchical clustering in Figure 12. Based on the degree of similarity or
closeness among the parameters, several hierarchical levels of row and column clustering
are shown, respectively, to the left and to the top of the heat map (Figure 12). Within the
base-level clusters, the leaf nodes or variables having the shortest distances to a joint (as
indicated by horizontal line segments in the row cluster or by vertical line segments in
the column cluster) were closely associated, having strong positive correlations with a
PCC close to 1. The best examples of the base-level clustering were total desorption gas,
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measured gas (M), and total measured gas (M + C) in cluster C1, TOC and adsorption
gas also in cluster C1, total porosity PHIT and effective porosity PHIE in cluster C3, and
depth and temperature in cluster C4. However, the variables of a base-level cluster have
weaker but positive correlations with other variables or other base-level clusters within
the same variable but higher level, such as clusters C1, C2, C3, and C4. Variables from
across these higher-level clusters were only weakly or even negatively correlated (e.g.,
weakly correlated cluster pairs C1 vs. C2 and C3 vs. C4; negatively correlated cluster pairs
C1 vs. C3 and C2 vs. C4).
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whereas blue squares indicate negative correlations. DI—gas dryness index; GIP—gas-in-place; HI—
Hydrogen index from Rock-Eval analysis; Kds_ET—estimated early-time desorption permeability;
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M + C gas—measured (M) + crushed (C) gas or total measured canister core desorption gas content;
PHIE—effective porosity; PHIT—total porosity.

Although the hierarchical clusters were created statistically, based on the PCC matrix
without any inputs about the physical or causal relations among the variables beforehand,
the resultant clustering appeared to be meaningful in terms of petroleum geology and
reservoir engineering, and demonstrated interesting relationships. The canister desorption
data, including lost gas, total desorption gas, measured gas, and total measured gas
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contents were clustered together with TOC and adsorption gas results (C1 in Figure 12). As
described in the preceding sections, the canister desorption gas was mainly the desorbed
products of adsorbed gas, and therefore, closely related to the adsorption gas calculated
based on adsorption isotherms. For the Montney Formation cores that are of siltstone
lithology, their adsorption capacity was mainly contributed to by organic matter; therefore,
both desorption and adsorption gas contents were strongly correlated to TOC content
(i.e., Cluster C1 in Figure 12). In addition, the desorption/adsorption cluster C1 was
positively correlated with pyrite content, because the abundant occurrence of pyrite is
usually associated with increased accumulation and/or preservation of organic matter
represented by TOC contents. Moreover, a higher reservoir pressure generally leads to more
adsorbed gas in the reservoir or desorbed gas at the surface, in agreement with the positive
correlation among these variables in Figure 12. Previous studies showed that porosity
contribution by organic matter was minor in the Montney Formation [33], and organic
matter (especially solid bitumen) may have even occluded inter-grain pores in Montney
Formation reservoirs [25]. These observations are consistent with the weak (either positive
or negative) correlations between the variables across clusters C1 and C3 in Figure 12.
The pyrobitumen-dominated organic matter in the studied siltstone core samples had a
very narrow and low range of HI values (i.e., <70 mg HC/g TOC); therefore, only a weak
correlation exists between HI and desorption and adsorbed gases, as shown in Figure 12.

As expected, porosity and gas-in-place parameters were also clustered together (C3) in
Figure 12. Core samples with higher porosity usually have better reservoir qualities and are
likely of a higher quartz content, suggesting a strong correlation among the three variables
(C3, Figure 12). Also, as anticipated, geological variables of burial depth, temperature, and
pressure of the studied cores and the pseudo-production gas dryness and CO2 contents of
the corresponding core samples were nicely clustered in group C4. With a few exceptions
(e.g., the clustering of desorption half time and lost gas time with S1 and S2), the variables
within each cluster were closely correlated to one another in terms of resource potential and
petrophysical and geological properties of hydrocarbon reservoirs. Overall, PCC-based
hierarchical clustering afforded quantitative and meaningful associations or causal relations
among the parameters of the Montney Formation desorption cores, supplementing the
individual cross-plot analyses (e.g., Figures 4–7).

5.2. Usefulness of Canister Core Desorption

The canister core desorption test mainly measures the content and composition of
the gas desorbed from cores taken from unconventional resource plays during early-
stage evaluation and exploration activities. The usefulness and applicability of canister
desorption depends not only on how reliably the gas content and composition is determined
from a canister core desorption program, but also how close the measured total desorption
gas contents are compared with the total gas-in-place. It has been considered a reliable
technique for evaluating coal-seam gas and coal-mine methane reservoirs; however, its
application in shale and tight gas evaluation has not been well-studied, especially for
the prolific Montney Formation siltstone play. The results presented above clearly show
that on-site canister desorption of tight reservoir cores, such as those from the Montney
Formation with matrix gas permeability less than 1 × 10−4 md, could only capture variably
low percentages of the total gas-in-place, from less than 2–5% at ≥1 × 10−4 md permeability
to about 25% at ≤1 × 10−5 md permeability (Figure 11a,b). Due to the relatively high
permeability, canister desorption gas mainly came from the adsorbed gas associated with
solid organic matter in the Montney Formation samples. No noticeable correlation with
clay minerals were observed from the 230 canister core desorption tests (Figure 7b), which
differs from findings by Song et al. [8], who found that canister core desorption gas from
their studied Montney Formation samples were mainly associated with clay minerals. The
lost gas was predominantly from free gas under reservoir conditions, accounting for 60–90%
of the total gas-in-place, and was mostly lost during core retrieval. The amount of lost gas
can be severely underestimated if only the amount of gas lost at the surface prior to canister
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desorption is considered. In addition, early-time free gas loss was much faster than gas
desorption during late-time desorption tests, as shown in Figure 3b,c and Figure 11c,d,
which is also underscored by the fact that the estimated early-time permeability is about
one to two orders of magnitude higher than the late-time permeability (Figure 5d). Thus,
during field production, the adsorbed gas is likely produced from the reservoir only under
significant depletion, and early production is mainly from free gas [34]. This also implies
that, in addition to gas permeability or diffusivity and the probable existence of dual or
triple permeability/porosity systems in the Montney Formation rock matrix, desorption
kinetics also play an important role in the desorption of adsorbed gas from organic matter
in the Montney Formation.

As revealed by the Montney Formation canister desorption data set, the total mea-
sured desorption gas contents (desorbed + crushed) were generally consistent with the
adsorption gas (Figure 9b–d), which could be a significant part of the total gas-in-place
for an unconventional play, especially for organic-rich shale gas and tight gas reservoirs.
The compositional properties of canister desorption gas showed strong and consistent
correlations with those of the produced gas in the study area (Figure 10b,d,f). Therefore,
with proper calibration and modeling, desorption gas composition could be reliably used
as viable proxies for in situ reservoir fluid compositions and reservoir types, thus providing
invaluable information of reservoir characterization and resource assessment in the early
stages of evaluation and exploration of unconventional plays.

Figure 13 presents the canister core desorption gas properties for typical unconven-
tional plays in the WCSB, displaying distinct characteristics in terms of their measured
desorption gas contents, desorption half-time, and reservoir types (e.g., dry gas, liquid-
rich, retrograde condensate gas, or volatile oil reservoir). Most tight siltstone Montney
Formation cores had the shortest half desorption time of several hours and relatively low
desorption gas contents of less than 0.4 cc/g due to their higher permeability and lower
TOC contents (Figures 5c and 13a). In contrast, cores from the organic-rich Duvernay shales
and the Cretaceous coal seams had desorption half-times in the ranges of 6–80 and 40–300 h,
respectively, whereas their respective desorption gas contents were up to 0.8 cc/g and
3.0 cc/g, respectively (Figure 13a). Such varied desorption characteristics are apparently
associated with the differences in fabrics, pore-size distribution and pore-throat networks,
the amounts and types of organic matter, as well as matrix permeability. Therefore, canister
core desorption tests can provide useful information for unconventional reservoir eval-
uation and characterization, even though the procedure may only capture a part of the
total gas-in-place.

Furthermore, compositional profiles of desorption gases from different types of un-
conventional reservoirs followed distinct trends over the duration of the desorption tests
(Figure 13b–f). Gas composition varied only slightly over time for Montney Formation
cores from the dry gas window, dominated by CH4 (>~90%) and showing a minor increase
in the concentrations of C2H6 and C3H8 (C2–C3) relative to CH4 at the late desorption
stage (Figure 13b). In comparison, Montney Formation cores from well 29-79-20 with a
pseudo-initial production gas DI of ~95 had significant declines in methane concentration
from ~90 to ~65% after 1300 h of desorption, whereas C2–C3 concentration increased from
15 to ~30% with <2% of C4–C6 hydrocarbons (Figure 13c). For liquid-rich wells, methane
concentration decreased from 70–90 to ~30% or less after ~1600 h of desorption, whereas
C2–C3 and C4–C6 hydrocarbons increased from ~10 to 50% and <3–10%, respectively, for
well 11-81-21 (Figure 13d), and from 30 to 50% and 5 to 20%, respectively, for well 34-80-18
(Figure 13e). In contrast, canister core desorption gases from three Duvernay Formations
wells with variable amounts of residual hydrocarbon liquid or oil (i.e., residual oil satura-
tions, So, ranging from 3 to 50%) had drastically different compositional patterns over time
(Figure 13f). For the liquid-rich and condensate gas wells (i.e., Duvernay Formation wells 1
and 2), the desorption gases contained more than 50% of C2–C3, >10% of C4+, and less than
40% of methane (Figure 13f). Interestingly, desorption gases from Duvernay Formation
cores with a 50% residual oil saturation (well 3) showed decreasing methane concentrations
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from ~60% at the beginning to 20% at the end of desorption, and correspondingly increasing
concentrations of C2–C3 and C4–C6 from about 40 to 65% and 5 to 15%, respectively.
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Figure 13. (a) Typical canister core desorption profiles for different types of unconventional reservoirs
and plays; and (b,c,f) compositional evolution of canister core desorption gas for Montney Formation
wells with different gas dryness indices (pseudo- or production gas DI/desorption gas DI) and
Duvernay Formation wells of different residual liquid saturations (So) and oil API, shown in (a). The
symbols in (d,e) represent the measured compositions of incremental desorption gas of different
samples and the dashed lines represent the best-fitting curves to the measured data. For clarity,
only the best-fitted curves of available measured desorption gas composition profiles of Duvernay
Formation samples are shown in (f).

The evolution of desorption gas contents and compositions are likely controlled by
different adsorption isotherms of different gases for dry-gas reservoirs. Generally, heavier
hydrocarbon gases, such as C2H6, C3H8, and CO2, have stronger adsorption affinities than
methane. Thus, gases tend to be differentially adsorbed to and desorbed from microporous
rocks [35–37]. In addition, lighter gases have higher gas permeability or diffusivity due
to strong Knudsen diffusion effects, and thus can be released faster and earlier out of core
samples, resulting in lower CH4 concentration at later stages. Furthermore, for liquid-rich
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and retrograde condensate gas reservoirs and light or volatile oil reservoirs, decreasing
temperature and pressure during core retrieval causes heavy hydrocarbon components to be
fractionated and condensed into liquids to remain in cores, whereas the light components
are released out of cores besides the differential transport and adsorption of gases in
these reservoirs.

Therefore, the evolution of desorption gas composition over time can be theoretically
considered as a small-scale analog of the depletion of the corresponding reservoir during
production. If properly designed and analyzed, insightful information about the reservoir
could be extracted from a canister core desorption test, especially regarding the in situ
reservoir fluid. For tight reservoirs, well tests and production tests are time-consuming and
challenging to obtain reliable results. A large drawdown of wellbore pressure can result
in severe fluid fractionation in the wellbore and reservoir, leaving a significant amount
of heavier hydrocarbon components unproduced in the reservoir and leading to biased
sampling and erroneous characterization of in situ reservoir fluids. On the other hand, a
core desorption test mainly captures the heavier gaseous hydrocarbon components with
the fractionated or condensed heavy HC components trapped in core samples as residual
liquid, which can subsequently be determined using dean-stark extraction for bulk amounts
and by TD-GC for composition. Thus, using canister core desorption tests with proper core
analyses can provide important data for more reliable fluid characterization and formation
evaluation, especially for low- or extremely low-permeability reservoirs.

5.3. An Integrated Approach for a Better Hydrocarbon-in-Place Assessment

Accurate assessments of initial hydrocarbons-in-place are essential to early-stage
evaluations of unconventional plays. As discussed in previous sections, there are many pa-
rameters required for a well-defined assessment, including porosity, adsorption isotherms,
fluid saturations, fluid compositions and PVT properties, and reservoir pressure and tem-
perature. Porosity and residual fluid saturations can be readily determined on preserved
and representative cores using properly designed test programs. The accurate character-
ization of in situ hydrocarbon fluid composition and PVT properties requires unbiased
sampling and reliable composition characterization of the fluid, which can be challenging
if not impossible for liquid-rich or retrograde condensate gas reservoirs and volatile-oil
reservoirs of low-permeability tight siltstone and shale plays [38]. Here, an integrated
approach was proposed to overcome these challenges by utilizing the canister core desorp-
tion test, routine core analysis, mug gas logging or produced wellhead gas chemistry, and
the associated PVT properties for an improved formation evaluation and assessment of
hydrocarbons-in-place.

As illustrated in Figure 14a, when cores from liquid-rich tight and shale gas plays
are recovered to the surface, decreased temperature and pressure cause the heavy hy-
drocarbon components, originally in gas phase at reservoir conditions, to be condensed
into liquids with the majority of the liquids remaining in the cores. The majority of the
gaseous hydrocarbon components can be lost during core retrieval and handling at the
surface. Heavier gases captured from canister desorption were analyzed for composition,
including the mole ratio yi of each component and the total moles of gas nGas. The liquid
hydrocarbons remaining in core samples were analyzed for composition (xi) using the
TD-GC technique, and the liquid volume (oil saturation So or moles of oil nOil), porosity
(φ), and water saturation (Sw) were quantitatively determined by dean-stark extraction
and other core analyses. The lost light hydrocarbon components during core recovery
could be estimated based on the mud gas logging and analyses acquired during coring and
after core retrieval. The lost gases could also be complementarily constrained with analysis
of wellhead or surface gas sampling during well tests or productions, if available. As
illustrated in Figure 14b, production from low permeability unconventional reservoirs can
often lead to a large pressure drawdown in the wellbore and adjacent reservoir, resulting in
the condensation of heavy hydrocarbon components and liquid dropout in the wellbore
and reservoir. Heavy hydrocarbon components that dropout are unlikely to be produced
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and sampled; thus, the wellhead fluid or surface samples are mostly enriched in light HC
components, which is opposite to what happens to canister core desorption gas samples.
Therefore, integration of data from these opposing but complementary processes would
afford a better characterization of in situ fluid composition and associated PVT properties.
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Figure 14. Schematic illustration of an integrated approach for improved reservoir fluid characteriza-
tion: (a) characterization of in situ reservoir fluid based on routine core analysis and canister core
desorption; (b) illustration of the production of fractionated native reservoir fluid from a liquid-rich
or condensate gas reservoir. Integration of the complementary core analysis and canister desorption
data with mud gas or produced fractionated fluids through EOS-based PVT and compositional
simulation can significantly reduce the uncertainties in characterization of in situ hydrocarbon fluids
of unconventional reservoirs, especially for liquid-rich or retrograde condensate gas reservoirs of low
or extremely low permeability.

In the proposed workflow, a representative in situ fluid is obtained through an it-
erative process using equation-of-state (EOS) based PVT properties and compositional
modeling of core retrieval and desorption processes to predict values that match: (a) the
measured fluid properties (e.g., desorption gas content and composition, residual liquid
hydrocarbon amount and composition, and mud gas or produced gas composition) with
the lost gas volume and/or composition as adjustable parameters, and (b) the dynamics
(rates and compositions) of canister core desorption gas. The compositional fluid model
constrained from core-based simulations can be fine-tuned further with a well test and
production data (e.g., fluid compositions and production rates of gas and liquid phases),
using single-well compositional reservoir simulations. Core analyses and desorption test
data are more readily obtained and better defined than well test or production data or
the associated reservoir properties that are rarely available or poorly defined at the early
stage of play evaluations. Thus, a core-based compositional simulation to reconstruct a
representative model of the in situ reservoir fluid is a more viable approach than a reservoir-
based simulation, although a production history match can be applied for reservoir and
fluid characterizations of a Montney Formation gas condensate well [39]. The core-based
approach has also been successfully applied in estimating the composition of in situ fluids
and hydrocarbons-in-place of a retrograde condensate reservoir based on Duvernay well 2,
shown in Figure 13f, with significantly reduced uncertainty [17].

It is worth pointing out that the proposed approach for reliable fluid characterization
of unconventional reservoirs centers on EOS-based PVT properties and compositional
modeling that can be implemented using the open-source software MRST [40] or other
commercial software. Ideally, the EOS models would be fine-tuned based on laboratory
PVT tests on representative reservoir fluids; however, such representative fluids are rarely
available in the early exploration stage. As a first-order approximation, generic cubic
EOS (e.g., Peng-Robison [41], SRK EOS [42]) can be used for early-stage evaluations or
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can be fine-tuned based on basin-wide PVT laboratory tests of hydrocarbon fluids of the
same play [43,44]. When combined with core porosity, residual hydrocarbon saturation,
and composition data from core analyses, such a fine-tuned EOS model will significantly
improve the accuracy in the estimation of native hydrocarbon fluid composition and can
be further fine-tuned by EOS-based modeling to match observed laboratory and field
production data. The resulting EOS-based PVT property and compositional models can
then be applied with confidence to optimize well completion and stimulation, as well as
other reservoir engineering operations, to maximize hydrocarbon recovery.

6. Conclusions

A large data set of canister core desorption tests from nine Montney Formation wells
in northeastern British Columbia were reviewed and analyzed. We proposed an integrated
approach to apply canister core desorption data for the improved characterization of in
situ reservoir fluid and resource assessment of hydrocarbons-in-place for tight and shale
reservoirs. The main findings from this study are summarized as follows:

(1) For the tight siltstone Montney Formation play, canister core desorption captured less
than 25% of total gas-in-place, which was minor but significant. Up to 60–90% of the
total gas-in-place, mainly free gas, was lost during core recovery, and less than 10% of
gas was lost at the surface before canister core desorption.

(2) Measured desorption gas was mostly released from adsorbed gas in organic matter, as
the gas content was strongly and positively correlated with TOC, negatively correlated
with better reservoir qualities (i.e., higher porosity), and weakly or not correlated
with mineralogy (especially clay minerals), core retrieval speed, and lost gas time
at surface.

(3) The bulk composition of canister core desorption gas was strongly correlated with
the produced hydrocarbon fluids in the same area, but was systematically enriched in
heavier components compared with the produced gas in liquid-rich reservoirs.

(4) Desorption gas composition evolved distinctly with desorption time for different
types of reservoirs, likely due to the differential adsorption and diffusion of gases in
microporous rocks and/or compositional fractionation of liquid-rich or retrograde
condensate gas reservoir fluids.

Overall, only a low percentage of total gas-in-place of tight reservoirs can be captured
by canister core desorption tests, and the existing empirical methods based on canister
desorption tests can significantly underestimate the lost gas content, and hence, the total gas
content, even though it is the most highly sought parameter in current industrial practices.
Nevertheless, the currently underutilized canister core desorption test data can provide
invaluable information, especially on hydrocarbon compositional properties. This data
should be comprehensively and systematically exploited in combination with core and well
production or test data, as proposed in this study, to reduce the uncertainties associated
with the evaluation and exploitation of unconventional liquid-rich plays.
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