Downloaded viaNATL INST OF STANDARDS & TECHNOLOGY on August 27, 2019 at 20:15:59 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

energy:fuels

& Cite This:Energy Fuelg018, 32, 1244712461 pubs.acs.org/EF

Evaluation of Nanoscale Accessible Pore Structures for Improved
Prediction of Gas Production Potential in Chinese Marine Shales

Yang Wang'® Yong Qirt,"* Rui Zhang® @ Lilin He, Lawrence M. Anovit2,Markus Bleuél,
David F. R. MildnérShimin Lid,and Yanming Zht

"Key Laboratory of Coalbed Methane Resources and Reservoir Formation Process, China University of Mining and Technolog

Xuzhou, Jiangsu 221008, China
*school of Resources and Earth Science, China University of Mining and Technology, Xuzhou, Jiangsu 221116, China

SDepartment of Energy and Mineral EngineerihGe@ter and Energy Institute, The Pennsylvania State University, University
Park, Pennsylvania 16802, United States

Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, United States
Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, United States

"NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United Stat
Department of Materials Science and Engineering, A. James Clark School of Engineering, University of Maryland, College Pz

Maryland 20742, United States

* Supporting Information

ABSTRACT: The Lower Cambrian Niutitang and Lower Silurian Longmaxi shales in the Upper Yangtze Platform (UYP) are

the most promising strata for shale gas exploration in China. Knowledge of the nanoscale pore structure may improve the
prediction of the gas production potential in Chinese marine shales. A systematic investigation of the pore accessibility and its
impact on methane adsorption capacity has been conducted on shale samples using various techniques including geochemic
and mineralogical analysedd-emission scanning electron microscopy (FE-SEM), small-angle neutron scattering (SANS),
helium porosimetry, and methane adsorption. The results show that organic matter (OM) pores with various shapes dominate
the pore systems of these shales. OM tended to mix with clay minerals and converted to organoclay complexes, developin
plentiful micro- and mesopores. A edi t model with two pore structures, fractal poresratelpores, was used to model

the SANS data to characterize the pore structure of the shales. Both mass and surface fracedsfaresadnfore

structure. The total porosity estimated by the Porod invariant method ranges between 2.35 and 16.40%, of which the porosity
for nite pores ranges between 0.35 and 6.36%, and the porosity for the fractal pores ranges between 2.07 and 8.51%. Th
fraction of open pores was evaluated by comparing the porosities estimated by He porosimetry anchGAMEth&e

fraction of open pores is higher than 64% for most of these shales. Correlation analyses suggest that clay and total organi
carbon (TOC) have oppositeeets on pore structure and methane adsorption capacity. Samples with higher clay contents
have higher pore accessibility and lower total porosity, surface area, and maximum methane adsorption, whereas samples w
higher TOC content show the inverse relationships. The high percentage of open pores may reduce methane adsorption
capacity in these shales, whereas low pore accessibility may reduce methane productipreassmederences. Thus,

both TOC and pore accessibility may be essential controlling factors in methane production from shale gas reservoirs.

In response to growing worldwide energy demands, shale ga%
becoming an increasingly valuable energy resource. Follomﬁﬁ?‘
the shale gas revolution in North America and the developmée?f

1. INTRODUCTION and free gas and are thus directigtad by the nanoscale pore

rdcture. Quantitative characterization of this nanoscale pore
cture is, therefore, essential for evaluating gas production

ential and providing clues to increasing gas extraction
, 11,1617

of the techniques of horizontal drilling and hydraulic fracturing, €Nncy- . . ,
intensive eorts in shale gas explorations have been conductedPue to the diversity, complexity, and heterogeneity of shale
in China'>® Unlike conventional gas reservdshale gas Pore structures,_|t|sdrgI2ttochara_cter|ze pore structures using
reservoifsare self-contained source reservoir systems that ateSingle techniqié:>? A variety of techniques have,
generally characterized by high total organic carbon (TOGherefore, been used to characterize the pore structures of
contents compared to conventional gas reservoirs, compféales, in particular their porosity, pore volume, andcspeci
mineral compositions, low porosities, and low permeabiligurface area. Direct imaging methods, incluglthgmission-
matrixes with extensive, heterogeneous, nanoscafé’pores
This nanoscale pore structure is one of the key factorseceived: September 29, 2018
in uencing the occurrence, storage capacityparftchavior  Revised: November 26, 2018
of gas in these reserv8irs.Shale gases occur as both adsorbedublished: November 28, 2018
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Figure 1.Geographical map of UYP and sampling location.

scanning electron microscopy (FE-SEM), transmission electrbangmaxi shales, the Niutitang shales have been more deeply
microscopy (TEM), and focused ion beam-scanning electrdnuried and have a higher thermal mattfrity.addition, high
microscopy (FIB-SEM), have been successfully employedititial gas production rates of §8D) x 10* m® per day have
observe the pore morphology and connectivity of porbeen reported for most pilot wells in the Jiaoshiba area of the
networks>?* However, these direct imaging techniques assesengmaxi shalé$’' The breakthrough discovery of this shale
only limited areas of a sample at a given time, and thus, theis eld represents a sigrant milestone for shale gas
statistical reliability is limited. Indirect methods, includingxploration in Chire."

helium porosimetry, mercury intrusion porosimetry, and low- In order to provide a more thorough assessment of the pore
pressure MCO, adsorption, are also commonly used tostructures and gas production potential of the UYP, a series of
quantitatively characterize the pore size distribution, poRore structure characterization techniques were applied to
volume, and speci surface area of shales; however, thesgharacterize pore morphologies, porosities, pore volumes, and
techniques typically interrogate larger sample volumes and &Rgcic surface areas of the marine shales from the Lower
only characterize accessible pores and those with pore diametétdbrian Niutitang and Lower Silurian Longmaxi Formations.
larger than that of the probe molecule. Thus, adsorptiol this study, we have used a combination of FE-SEM, SANS,
techniques are unable to provide information about closdiflium porosimetry, and high-pressure methane adsorption to
porosity*1%2%527 |n contrast, small-angle neutron scattering'”VeSt'g_ate pore accessibility and itscteon methane _
(SANS), a nondestructive physical technique, can be used@@Sorption. Uniquely, the correlations between pore accessi-
characterize both accessible and closed pores, since it recOffy @nd methane adsorption properties indicate that pore

the scattering intensity from all pores within the detectable si2&c€Ssibility could be an indicator for methane production from
rangé™ Closed pores may play an essential role in gas shal ale gas reservoirs. The results will be broadly applicable to

production because they may contain methane, and thus tﬂ%ale gas exploration and develqpment inclu'ding_ reservoir
. ’-gﬁsessment and evaluation, gas-in-place estimation, carbon

e ciency of gas recovery may depend on the extent to whi : .

they can be accessed. Given the apparent strengths gﬁ&questratlon, and other characteristics of the UYP.

weaknesses of each of thapproaches, therefore, a

combination of derent characterization techniques should?: MATERIALS AND METHQDS . .

lead to a more precise prediction of gas production potential. 2.1. Sample CollectionThe UYP is located in the western portion
The marine shales in the Upper Yangtze Platform (UYP), tH¥ the Yangtze Platform in southern Chitngu(e ). It includes the

Lower Silurian Longmaxi Formation, and the Lower Cambri hongging city, northern Guizhou and Yunnan, western Hubei and

Niutit = i h . i ts f hal unan, and eastern Sichuan province. Geological studies indicate that
lutitang Formation aré tnhe primary targéts for shale gage Niutitang Formation and the Longmaxi Formation formed on a

exploration and development in China because of theferitic shelf with a stagnant marine sedimentary envirdfifieese
widespread occurrence, large thicknesses, organic richn@ssine shales are currently the most prominent exploration and
and favorable mineral compositiois>® Compared to the  production targets for shale gas in China.
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A total of six shale samples were analyzed in this study. Four fregth and without a set of biconcave M#hses. The neutron
Longmaxi Formation shale core samples were collected from the Wixavelength was set at 6 A for SANS geometries of 1, 4, and 13 m and at
well, located in northeast Chongging near the edge of the Sichu@rl A for the corguration with the lenses. These settings cover a
Basin. Two fresh Niutitang Formation shale core samples weseattering vectd range betweenl x 10°° and 0.6 &, which
collected from the QDwell located in northeast Yunnan near the corresponds to a pore size range betwgand 2.5x 16°A.
southwestern edge of the UYP. Both of these shales are widely.5. Porosity Using Helium Porosimetry.The total accessible
distributed around the UYP. Although both are thermally overmaturpprosity of the shale samples was determined at the Experimental
the thermal maturity of the Niutitang shales is much greater than thatieesearch Center of East China Branch, SINOPEC, using a technique
the Longmaxi shales, which indicates that the Niutitang Formatidrased on Boy&law, by measuring the grain volume under ambient
experienced more severe compaction and underwent more complicatedditions and bulk volume by Archimeggaciple with helium
diagenesis than the Longmaxi Formation. porosimetr§)/ Samples were oven-dried at°I1fo a constant mass

2.2. Geochemical and Mineralogical Tests.Geochemical (1 mg). Porosity was calculated from therdhce between bulk
parameters and mineral compositions were characterized for allvofume and grain volume.
the shale samples measured in this study. Analysis of TOC content wa&.6. High-Pressure Methane Adsorption.High-pressure meth-
performed using a LECO CS-230 carbon and sulfur analyzer. Dueane adsorption isotherms were measured at a constant temperature of
the lack of vitrinite in the Lower Paleozoic shales, #tenece of 40°C and pressure up to 9 MPa using a volumetric sorption apparatus
pyrobitumen was measured using a Leica MPV-SP microphotome@$-300 isothermal adsorption/desorption analyzer) manufactured by
The average pyrobitumen eetance was then converted to an Terratek, USA. Before the adsorption measurement, samples were
equivalent vitrinite rectance (EqV/[R using the equation of crushedto a particle size of less thanrf360 mesh) and dried for 24
Schoenherr et al. (2007), i.e., EqQ¥RBR + 0.2443)/1.0495, h at 105 C. The detailed methane adsorption measurement procedure
where BRis the pyrobitumen rectancé? The mineralogy of each is described by Ji et'aMethane sorption data were normalized to
sample was obtained using a RIGAKU D/Max-3B type X-ragample weight and parametrized using the Langmuir monolayer
di ractometer (XRD). Preparatioapalysis, and interpretation adsorption modé¥.
procedures were conducted following the Chinese Oil and Gas
Industry Standard SY/T 5163-2010. Multicomponent qcetitins 3. RESULTS AND DISCUSSION
were achieved by Rietveldnement using the TOPAS software ) ] )
package. All analyses were carried out at the Experimental Researchl. Geochemical and Mineralogical Parameters.
Center of East China Branch, SINOPEC. Detailed geochemical and mineralogical characteristics of the

2.3. FE-SEM-E-SEM observations were performed using a Quantmarine shale samples are list@dlre 1 Mass fraction is used
200F instrument at the China University of Petroleum, Beijing Camptigr the chemical compositions. TOC contents range between
(CUP). The FE-SEM images provide a spatial resolution of 1.2 nm, 52 and 6.33 wt %. The marine shales in UYP have experienced

which is sucient to characterize the nanoscale pore morphologys;rong thermal maturation and reached the postmature stage
Before the experiment, the samples were prepolished using an argon fab EqVRvalues ranging from 2.06 to 3.03%

ill t t tifact-f . . . _—
mill to create an artifact-free surface. Au was then coated onto Ih rgRD analysis demonstrates that both Cambrian Niutitang

artifact-free surface to improve the image quality by enhancing o ; .
electrical conductivity. The experiment and subsequent analysis les and Silurian Longmaxi shales have complex mineralogy

carried out at a constant temperature 8€2¢hd a constant humidity  (Table 1and Figure ¥ Quartz and clay are the major
of 35%. High-resolution images were obtained at an accelerating volta@eponents with an average of 49.3 wt %538.6 wt %) and
of 16815 kV with a working distance 854mm. 28.9 wt % (22941.0 wt %), respectivelygure 2 shows that
2.4. SANSOf the six samples analyzed by SANS in this study, ththese shales also contain pyrite, calcite, dolomite, K-feldspar, and
rsttwo (WX%-8 and W-33) were analyzed as powders and the otherp|agioclase. lllite is the most abundant clay mineral ranging
four (QDy-L3, QD-L4, WX-49, and WX54) as disks. Analysis of the - hetween 10.6 and 26.3 wt % with a mean value of 17.4 wt %.

powdered shales was conducted using the general-purpose small-qﬂg re B shows the other cla : - . .
~> WC ) , y minerals including smectite,
neutron scattering dactometer (GP-SANS) at the High Flux Isotope chlorite, and illite/smectite mixed layer clays.

Reactor (HFIR) at Oak Ridge National Laboratory (ORRThe o -
samples had a nonuniform particle size of <0.5 mm and an overali3-2- Qualitative Pore Morphology Characteristics

sample thickness of 1.6 mm. These samples were measured uté@ing FE-SEMPore structure has an enormous impact on
ambient conditions with sample-to-detector distances of 1.1, 8.8, dhg occurrence of shale gas, the calculation of gas in place (GIP),
19.2 m. The neutron wavelengttas set at 4.75 A for the 1.1 and 8.8 and hydraulic fracturing. Qualitative analysis of pore morphol-
m measurements and 12 A for the 19.2 m measurements to extend diggy helps reveal the origin of nanoscale pores and the nature of
scattering vect@range to values as small as possible (the largest sizeficroscopic pore structures. On the basis of detailed pore
possible), whe@=4 sin / and is half of thevrsleutron scatgfring classications proposed in previous stlche®2 we have

angle. The overall range was betwee.5x 10°*and 0.8 A", divided the pores observed in our marine shales into four

which corresponds to pore sizes betw@and 1.6x 10°A using the S . . . . .
empirical relatioR  2.5/Q.** The absolute scattering intensities were categories: mterpartlclgl\(/llnterP) por%S’ '.mrafpartlde (intraP)
obtained using measured sample transmission and thickness valu®8S: organic matter (OM) pores, and microfractures.

well as a standard scattering intensity measured on pordtiskiita. FE-SEM observation5igure 3 suggest that OM pores
the 1D scattering curves were obtained using the NCNR Igor macrg9minate the pore system of the marine shales. Their diameters
packagé’ vary from several to hundreds of nanometers, and they display

In order to reduce multiple scattering, especially @ ama long various shapes such as spherical to ellipsoidal, schistose-like,
wavelengths;"” the remaining samples were analyzed as thin diskgregular polygons, and honeycorfgute 3Sc). OM pores
WEQ an arbitrary orientation, using the method outlined by Anovitz ejre well-developed and often form pore networks with
al" These analyses were performed using the NG-7 30m small-ang|&ctional connectivity. Since these shales have reached the
neutron scattering dactometer (NG7-SANS) at the NIST Center for 8vermature stage, it is likely that OM pores were formed

Neutron Research gNCNR) at the National Institute of Standards an dually durina th | ut Furth OMd t
Technology (NIST§®Four thin disk shale samples were commerciall radually during thermal évolution. Furthermore, oes no,

polished to a thickness of 0.1 mm and mounted on 1 mm thick quartecessarily, exist in isolation. OM is commonly intergrown with
glass slidé&’” These samples were analyzed with the normal to th@Yrite framboidsHigure ® and c), forming a large number of
incident beam and under ambient conditions. Four SANS geometridg@noscale pores (pore size in the nanometer range). OM also
were used: 1 and 4 m sample-to-detector distances and a 13 m distdeerls to partially mix with clay minerBlgiire a), becoming
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—_ converted to organoclay complexes with a full range of micro/
< S mesopores sizes (pore size <50 nm).
gE 8§ S o8] & IntraP pores are another major contributor to the porosity of
MR RPN B these marine shales. This type of pore is mainly associated with
e pyrite framboids, clay aggregates, and gissolution o_f unstable
9?; minerals such as plagioclase and calégaré 8. Pyrite
= framboids were observed in these shales, and nanoscale pores
% - N were commonly observed between individual pyrite crystals.
% $ L 89 3 3 These were probably formed by incomplete cementation or
% 0 o w @ dissolution of the pyrite grairffSiqure 8 and g).Figure &
E;\é‘ shows an example of intraP pores within clay mineral aggregates
= displaying dcard housestructuré?® This provides inter-
g connected pores which may serve as essential pathways
ﬁ enhancing gas permeability.
= 3K s 9 In contrast to OM and intraP pores, interP pores are
o S Ssae” susceptible to mechanical compaction arailiito preserve.
-‘g;{f InterP pores are usually developed at the points of contact
= between particles. They exist between the contact areas of OM
8 @ 9 and clay minerals and along the pyrite and quartz grgins (
o Y4 - 3d and i). The distribution of interP pores observed in these
£Q samples was quite heterogeneous with low connectivity.
g = Various kinds of microfractures were observed in the tested
782 8838 shales. Some microfractures were observed within unstable
Y9 183993 minerals and appeared to be formed as a result of dissolution
2= (Figure 8. Microfractures within OM are usually related to
=2 5 o o< o @ hydrocarbon generatidfigure B). Some microfractures were
2 2 San S also developed within clay minefaltsi(re 8). Typically, these
> I SR are 26100 nm wide and about 81 long. Note that the origin
o% of the microfractures in clay minerals remains uncertain which is
g ©u983 likely formed due to clay shrinkage, either during diagenesis or
28 T4 N®mo W perhaps. secondarlly_as a result of core samp[e recovery and
E% processing. Meanwhile, nanoscale pores and microfractures are
= also inuenced by mechanical compaction, since both Longmaxi
88 ~Nrged and Niutitang Formations experienced multiphase tectonic
%g e a@gmn® movementsFigure 8 shows that microfractures connect
ES micropores (pore size <2 nm) and macropores (pore size >50
" nm), which can improve the connectivity of the pore networks.
% o ® s Therefore, microfractures not only provide space for free and
£ ER 4 S adsorbed gas to accumulate but may serve an important role in
ﬂ 35 shale gas migration.
£ © 3.3. Quantitative Pore Structure Characteristics Using
g @ SANS.3.3.1. Experimental Scattering Intensitiegjure 4
s So Q3 § 3 E g shows the background-subtracted 1D scatterinigspan
2 '%?g ~® 3o logarithmic scales for the six Chinese marine shale samples
£ I= tested. In each case, the log of the intensity decreases nearly
6 linearly with increasing 16)(over the entire measuré€d
X 3 region, although careful examination by plottingi¢q)) as
2 2233 ¢ 228 a function of log)) shows that this is not completely true,
£ gg ¥ - 7° especially for samples 8Xand WX-33. This scattering
5 X pro le is typical for shales in tidsrang
S The scattering intensities measured for the two Niutitang
= %;\3 32 98IR samples and one of the Longmaxi se_xm_plqi:QKDDl-M,
S ZES3 HS¥RB and WX%-49 (all disk samples), were similar over the measured
£ Qrange, indicating that the total pore volumes and pore volume
S 2 o« @ o < distributions in this size range (betwe@rt and 250 nm)
= fo0 % 2235 among these samples are quite similar. The scattering intensity
S 8 885 § § § § of WX-54 is the highest among the tested samples over the
GE) entireQrange, and the slope of the scattering curve is shallower.
5 c ~ o This indicates that the total pore volume 0§-88Xs greater
. S 3 2 than the otherve samples over this spesize range and that
— g 2 3 N , .
o E S £ this di erence is probably the largest at smaller pore sizes. Atthe
9 = ; § opposite extreme, the scattering intensity gf8/isXsmaller
|_

than that of the otheve samples &> 0.01 A%, implying
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Figure 2.Chemical composition of the six Chinese marine shales: (a) total mineral contents; (b) clay mineral contents.

that this sample has a smaller total pore volume over this pare gyration representing a domain $zés the power-law

range compared to the others. A hump is present@tftow  coe cient; is the power-law expondrng the number of the

samples W8 and WX33, and there is a broad hump in the pore structure, as several independent pore structures can be

data for W%54 around 0.03°A( 8 nm). Asmallhumpinthe  tted with this modeh is the total number of pore structures

scattering prde was also observed for samplesl@DN%-8, considered; and BKg is the scattering background. On the basis

and WX-49 around 0.2%A Similar results have been seen inof the experimental scattering data showFigime 4 the

both SANS and SAXS data for shalesals’®™®> and  presence of power-law scattering at low and m@dipiies

sandstones™ Interestingly, a hump that is typically observedthe existence of a fractal pore structure in the tested shales, with

in the SAXS prdes of coal samples is absent in the SANShe exceptions of W8 and WX33. Furthermore, both the

pro les for the same sampfeEhus, these may be caused by deviation in the scattering intensity from power-law scattering at

the interlayer spacing of clays in-QB, WX-8, Wx-49, and high Q and the*hump$ may reect additional fractal pore

WX,-54. structures withnite size ranges. Thus, a model with two pore
3.3.2. Pore Structure Determinatidn.order to quantita-  structures based eq 1(with n=2) has been used ttthe data

tively characterize the nanopore structure of the tested shales,the shale samples. Th&t re ects the power-law scattering

we have applied an empirical SANS model that combinésr a fractal pore structure (fractal pores); the secottdds

Guinier and power-law equationsttthe experimental SANS  with a combined Guinier and power-law model aedtsea

data. In this uned model, the scattering inten${Q) is fractal pore structure with @ite pore range (ite pores).

expressedHs Fittingeq 1to the scattering data for each shale sample was

performed using the Irena software patkdde results are

shown irFigure Sin theSupporting Informatipand detailed

model parameters are listed in $heporting Information

tables. Note that, because the thickness of the samples led to

excess multiple scattering aiQdar samples W8 and WX

33, the lowQ cuto of model tting was chosen at the linear

1) range in the log(Q)) S log(Q) plot. The modeled scattering

intensity was then extrapolated to the experimen@liloi
whereQ is the scattering vect@3;is the Guinier coecient, for each sample, as showfigure S1c and When the value of
which is equal to the scattering intens@a; Ryis the radius  the tted power-law exponeris between 3 and 4, the data may

Q= ot g

i=1

8
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Figure 3.FE-SEM images of the six Chinese marine shales: (a) OM pores and micro/mesopores developed within organoclay complexes (samj
WX,-54). (b) OM is commonly intergrown with pyrite framboids (sampi88YXc) Nanoscale pores within ONéd between pyrite framboids

(sample W33). (d) IntraP pores and interP pores developed between the contact areas of pyrite and clay minerajsA@parte)l e

pores developed within clay mineral aggregates (sanh®) QD) Dissolution pores and fractures developed within calcite (samle (X

IntraP pores developed within pyrite framboids (sample4)h) Microfractures developed within clay minerals and OM (sampi®)MX

Microfractures are commonly connected nanoscale pores (sajiple QD

Figure 4. Comparison of background-subtracted experimental scattering intensities for the six Chinese marine Kit@aess (e @y((b)

log(@'(Q)) vs log@).

be interpreted as a surface fractal with dimensiénadjtyen QD;-L4, which suggests a surface fractal dimension of 2.85. For
byD.=6S , sothaD;lies between 2 and 3. When the value ofthe fractal pores, samples; @B, W%-49, and Wx54 have
was smaller than 3, the correldligr  was usedto estimate mass fractal dimensiddg between 2.84 and 2.93, whereas
the mass fractal dimensiap*”®® samples QPL3, WX-8, and W33 generate surface fractal
The estimated fractal dimensions for these shale samplesdireensiond, ranging between 2.42 and 2.78. The sample
shown inTable 2 For the nite pores, the model yields mass preparation procedure could be the reason for the existence of
fractal dimensions between 1.94 and 2.68 except for sampéth mass and surface fractals in the shales tested. &tie uni

12452 DOI:10.1021/acs.energyfuels.8b03437
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Table 2. Fractal DimensioR and Porosity for the Six Chinese Marine Shales

nite pores fractal pores
formation sample ID D, D, 2 (%) D, D, 2 (%) totaf* (%)
Niutitang (,) QD,-L3 2.64+ 0.05 3.7& 0.02 2.7& 0.01 2.1& 0.01 5.8% 0.03
9 QD,-L4 2.85 0.31 1.64 0.01 2.8% 0.01 3.25 0.02 5.2& 0.05
WXo-8 2.68t 0.04 0.3% 0.00 2.42 0.00 2.0% 0.02 2.35% 0.02
Longmaxi (9 WX,-33 2.34t 0.01 0.9% 0.01 2.5% 0.00 2.1% 0.02 3.0% 0.02
9 WX,-49 1.94 0.06 3.2% 0.02 2,93 0.01 4.0% 0.02 7.4% 0.03
WX,-54 2.26t 0.06 6.3& 0.03 2.84 0.02 8.5% 0.04 16.4a@ 0.07

3The Q range for porosity estimation is betwegrs x 10°3 and 0.5 AL total and each pore structure were estimated from the total
scattering intensity and scattering intensity of each pore structure, respectively. The experimental scattering intensity is usethlto estimate
while the modeled scattering intensity is used to estirfaateach pore structure.

Figure 5Correlation between pore structure and chemical compositions for the six Chinese marine shales: fractal dimensions vs (a) clay and (b) TO
contents; porosities vs (c) clay and (d) TOC contents (notg4@/Was treated as an outlier in part b).

model suggests that the pore structure ohiteepores hasa and is the porosity. Here we assume that the SLD is the same
maximum pore size ranging betwe&®B and 7.8 nm for the fractal andnite pores for porosity estimation.

assuming spherical pore shape, wWRere/3/5R, as the Nonetheless, if one were primarily Qligd, or one contrasted

radius of gyratioR, ranges betweer8.0 and 6.1 nm (Tables with a dierent mineral than the other, the SLDs could be

S2BS7 in theSupporting InformatipnThis represents the di erent, although probably not veryedent. The value Qf
maximum domain size of this structure, which is within thgstlmated for each pore structure and the total porosity for all

: - P mples are showrTizble 2 Note that th€ range for porosity
meso/micropore size range. The results also indicate that tggtimationvwas comed between 1.5x 105 AS! (for Q,..)

shale pores have dient fractal characteristics atdint pore and 0.5 & (for Q,..) for the reason noted above. Thus, the

sizes. pore size range for total pores is betw8ehand 1.6x 107

Both the total porosity and the porosities of each por For the divided t truct fractal h th
structure were estimated using the Porod invariant method. TRHA!- For he divided two pore Structures, fractal pores have the
Porod invariar®y, can be expressed’as same pore size range as the total pores. However, the pore size

range of nite pores is sample dependent. The lowest pore size

Qmax 5 * 2 2 - limit is 0.5 nm, while the highest pore size limit is between
Qv = o Q(QdQ=2 A s S (s ) 3.8 and 7.8 nm for all of the samples. The estimated total
mn @ porosity ranged from 2.35 to 16.40%. The porosityitef
pores ranged between 0.35 and 6.36%, and that of fractal pores,

where } and § are the scattering length densities (SLDs) ofbetween 2.07 and 8.51%. The reason why the total porosity is
the solid matrix and pores, respecti@lyandQ.,, are the not the exact addition from the porosities of fractalrared
experimental maximum and minimQnaalues, respectively; pores is that the experimental scattering intensity is used to
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estimate total while the modeled scattering intensity is used toverall sorption patterns are similar, the methane adsorption
estimate for each pore structure. Another reason could be theapacity dramatically varies among theratit samples. In
assumption of equal SLDs for the total, fractaln@egpores,  general, as shown figure B, the maximum adsorption

which may be derent. With the exception of sample-QB capacity for methane in these shales increased as a function of
the pore volume of thaite pores is generally smaller than thatTOC content.
of the fractal pores. The Langmuir adsorption model was usedttohe

3.3.3. Pore Structure Acted by Shale Propertié§ith the experimental methane adsorption isotHgrfrtse Langmuir
exception of sample WX9, there may be a U-shaped equation is usually recommended for describing methane
correlation between the fractal dimension and TOC for thadsorption in shale samples due to its practical advantages and

nite pores igure B), whileD increases and then becomes simplicity, as it only contains two important adjustable
generally constant with increasing TOC for the fractal porgsmarameters, andP,.. The usual form of the Langmuir model
(Figure B). The maximum fractal dimension, including bothis*®

mass and surface fractals, occur2#¥% clay content and

4.2% TOC, as shownfifgure & and b. This implies thatthe = P
maximum complexity of shale fractal pore structure could R+P 3)
require speat clay and carbon contents. In contrast, there is no
obvious correlation between the fractal dimension afithe  whereP is the experimental pressiwds the experimental
pores and clay content and at best a weak decreasing or ddisorption capacity at each presguigthe Langmuir volume
shaped one for the fractal pofégyre a). showing the theoretical maximum adsorption capackyjsand

Parts ¢ and d dfigure Sshow the total porosity and the the Langmuir pressure representing the pressure at which half of
porosities of the pore structures estimated by both SANS afigk theoretical maximum adsorption for a given sample occurs.
helium porosimetry as a function of clay and TOC content@\s can be seen fifigure 6this model ts the measured data
Negligible correlations between the concentrations of otherable 3 quite well. The Langmuir volurig, varies from 0.47
minerals and porosity were found; they do not seem to bg 3.62 crilg, and the Langmuir presstRe ranges from 0.76
controlling factors for methane adsorption in these %halesto 3.30 MPa.

However, parts ¢ and dfgfjure Sshow that, in general, the  3.4.2. Adsorption Capacity &cted by Shale Properties

SANS total porosity, the porosity of each pore structure, and th@d Pore Structure=igure 7shows the correlations between
helium porosity increase with increasing TOC. There is nfhe Langmuir constants and the clay and TOC contents of the
obvious or weak correlation for clay content. The results showsRales. While there is some scatter, the Langmuir volume
relatively strong correlation for TA€$ 0.77) as afunctionof generally decreases with increasing clay content and increases
porosity, indicating that TOC is a controlling factor in shalgyith increasing TOG-{gure @ and b). This implies that clay
porosity. The weak correlation between clay and porosity Mainerals have a smaller methane adsorption capacity than
re ectvariations in the types of clay minerals presen¢rastli  organic matter. The Langmuir presBureowever, decreases

clay minerals may contribute to porositgrently. with both increasing clay content and TEGQre ¢ and d).

3.4. Methane Adsorption Characteristic33.4.1.Adsorp— Note that Samp|e W>8 is an outlier im:igure d, possib|y
tion Capacity Determinatiorigure &hows the results of the  pecause this sample has the lowest TOC content (1.52%), the
highest plagioclase (>14%) and clay mineral contents (>40%),
and the lowest total porosity (2.35%) of the shale samjdes.
the pressure at which half of the maximum adsorption volume is
achieved, describing thenéty of the adsorbed gas for the
adsorbent?® Thus, the results indicate that thenisies of
methane for clay and organic matter in shale may be similar,
although the correlations for clay are much poorer than those for
TOC. Again, this could be due to variations in adsorption
capability among dirent clay minerals. Regardless, the strong
correlations between the Langmuir constants and ROC (
0.83) suggest TOC may be a controlling factor for methane
adsorption in shales.

In order to quantify the ects of pore structure on methane
storage in shales, the correlations between the Langmuir
constants and the pore structure parameters derived from the
SANS data need to be investigated. Parts a afdgcief 8
show that the correlations between fractal dimension and the
Figl‘!re 6.Isothermal methane adSOI’ption I:E'S)for the six Chinese Langmu”‘ constants for the pore structure OWMpores are
marine shales. negligible. However, there may be U-shaped correlations
between the fractal dimension and the Langmuir constants for
methane adsorption isotherm measurements. Methane adsdhg pore structure of the fractal pores when the Langmuir
tion exhibited a two-stage change with increasing pressure focalistants are treated as the independent variables, with
samples measured. At low to moderate presstfieSfG), maximum values of about 2.5 mL/gvijoand 2 MPa foP,.
the adsorption capacity rapidly increased with increasingThe correlations between the Langmuir parameters and
pressure, as indicated by the slope of the adsorptite pro porosity are, however, somewhat better. The Langmuir volume,
When the adsorption pressure exceeded 4 MPa, however, Yhethe maximum adsorption capacity, increases with increasing
rate of sorption gradually decreased. However, although therosity Figure 8). This is reasonable because both porosity
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Figure 7 Correlation between Langmuir constants and chemical compositions for the six Chinese marine shales: Langmuir volume vs (a) clay and (
TOC contents; Langmuir pressure vs (c) clay and (d) TOC contents (ngt8:WéX treated as an outlier in part d).

Table 3. Langmuir Volume and Pressure for the Six Chinesecontent (13.71%) of all of the samples investigated. Late calcite
Marine Shales precipitation may haviéed or sealed anany of the pores. For
the other samples, however, the pore accessibility results

formation SEnpERS V(i) AL i indicate that the transport pathways for methane production
Niutitang () QD,-L3 1.55 2.62 0974 and CQsequestration are, in fact, relatively open. This suggests
QDy-L4 1.86 239 0969 that, to the extent that these samples are representative of the
two formations, after drilling and hydraulic fracturing are
W8 0.47 0.76 0974 completed, a sigeant amount of natural gas should be
Longmaxi (§ V33 115 330 0987 extractable from the Longmaxi and Niutitang Formations,
WXx-49 3.18 172 0.987  possibly making them essential Chinese shale gas resources.
W54 3.62 1.54 0.990

Figure Sshows the correlations between the accessible pore
fraction and the clay/TOC contents. In contrast to the porosity
(Figure #) andV, (Figure B) increase with increasing TOC. correlations shown figure 5the fraction of accessible pores,
However, the Langmuir pressie,the a nity of methane , increases with increasing clay conteiguie @) and
molecules for the shale, decreases with increasing porosifi@greases with increasing TO@(re ). As noted above,
with WX-8 again being an outliéfigure &). This resultalso  however, sample W33 is an outlier with avalue smaller than
seems reasonable, as porositigare 8) andP_ (Figure @) 41%. These correlations indicate that the fraction of accessible
increase with increasing TOC. The results indicate that shdlerosity in clay minerals is greater than that in organic matter.
porosity has the oppositeeet on theV, andP, values for Since the percentage of TOC (<6.4% for the tested shales) is
methane; higher porosity yields hiyheut lowetP,_for shale.  small compared to the mineral contemgmains greater than

3.5. Shale Pore AccessibilityThe combination of helium  64% for all of these shale samples except §e83NXgain, the
porosimetry with the SANS data described above was usedigh calcite content of that sample (13.71%) could be the cause
investigate pore accessibility quantitativabye 4shows the  of the low accessible porosity (1.22%) and pore accessibility
estimated fraction of accessible pordsy each of the shale (40.26%) for this sample.
samples. The should be an approximate value, since the pore Figure 1Ghows the correlations between pore accessibility,
range for SANS is approximate between 0.5 and 167 nm, whileand the fractal dimensions and total, fractal, ritel
the pore size range of open pores measured by He porosimetngasosities. There are negligible correlations between the fractal
larger than 0.2 nfi.In most cases, the measuredalue is dimensions and the pore accessibility. Howeseems to be
greater than 64%. This indicates that the matrix pores of tlaaticorrelated with each of the porosities (again wit38\e6
tested shales are highly accessible. The exception is sample \&iXoutlier). This may be because most of the inaccessible pores
33, which has the lowest total pore accessibility0.26%) are in the organic matter, so that samples with high TOC yield
and helium accessible porosity (1.22%) as well as the secdod (Figure ®) as well as high (Figure 8). These results
lowest total porosity (3.12%). This may be caused by theuggest TOC has a more complex structure than the mineral
mineralogy of this sample. YA88 has the highest calcite matrix and that the gas transport pathways are in the minerals
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Figure 8.Correlation between Langmuir constants and pore structure for the six Chinese marine shales: Langmuir volume vs (a) fractal dimensio
and (b) porosities; Langmuir pressure vs (c) fractal dimensions and (d) porosities (dtgas\ikeated as an outlier in part d).

Table 4. Revisit Clay and TOC Contents and Pore
Accessibility Obtained from SANS and Helium Porosities

for the Six Chinese Marine Shales

sample clay TOC

formation ID (wt %) (wt %)
Niutitang QD-L3 2959  3.29
(v QDs-L4 27.08 4.32
WX,-8 40.38  1.52

Longmaxi WX-33 2154 205
(S WX,-49 2758  4.25
WX-54 2098  6.33

SANS
total
(%)
5.81
5.28

2.35
3.03
7.43
16.40

helium
(%)
3.72
3.61

2.01
1.22
4.83
10.76

“(%)
64.03
68.37

85.53
40.26
65.01
65.61

®The values were estimated on the basis of SANSl and

helium .

rather than in the organic matter, which is where the methane
formed.

3.6. Possible Microstructural Reasons for Dierent
Gas Prospectivity.The nanoscale accessible pore structure of
marine shales is stronglyuenced by regional geological
conditions. Slight changes in geochemical and mineralogical
parameters may greatlyience their nanoscale pore syStem.
In this study, the Lower Silurian Longmaxi Formation and
Lower Cambrian Niutitang Formation are lower Paleozoic,
organic-rich shales that were deposited in a similar sedimentary
environment with similar complex mineral compositions. Both
formations have experiethce complex tectonic history
involving signcant burial, uplift, and erosion, and both are
primary targets for shale gas development in’China.

There are, however, largesdénces in shale gas production
between these two formatidhs? Signi cant commercial gas

Figure 9Correlation between the fraction of accessible pores and chemical compositions for the six Chinese marine shales: fraction of accessible p
vs (@) clay and (b) TOC contents (note: YAB8 was treated as an outlier).
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Figure 10Correlation between pore accessibility and pore structure for the six Chinese marine shales: pore accessibility vs (a) fractal dimensions
(b) porosities (note: WX33 was treated as an outlier in part b).

Figure 11.Images of diverse graptolites in Longmaxi shales: (a) abundant graptolites observed in core sampleb43abpleathéxed
carbonaceous graptolite fossil observed by SEM (samié) W) interconnected pore system within graptolite-derived OM (sangfid)WX

Figure 12Correlation between Langmuir constants and pore accessibility for the six Chinese marine shales: (a) Langmuir volume and (b) Langmu
pressure vs pore accessibility; (c) schematic of an adsorption iseittexdrbs the percentage of pore accessibility for shale (ne82 Was
treated as an outlier in part a).

production has been developed from the Longmaxi shales, tereas the Niutitang shale was buried to greater than 6000 m.
no commercial gas has yet been obtained from the Niutitafidne thermal maturity of both shales reached the overmature
shales. The main @rence between the Niutitang and stage, but that of the Niutitang shale was cagnly higher

Longmaxi shales is paleo-burial depth. The Longmaxi sh#han that of the Longmaxi shale. At this thermal maturity, some
was buried to between 3000 and 7000 m in the study areaf,the organic matter in the Niutitang shale has been carbonized.
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During carbonization, a subset of the OM pores may have beaccessibility is low, decreasing transport pathways, maximum
destroyed or collapsed, resulting in a decrease of pomethane adsorptiov,_ ., increases due to a simultaneous
accessibility. In addition, because it was buried deeper, tinerease in adsorption sites. However, the data also suggest that
Niutitang Formation experienced more severe compactiomder these conditions theraty of methane gas for the
which may have resulted in a decrease in pore size and a changglable sites in shale pores decreases. That is, the pressure at
in pore morphology. Theseeliences may partially explain why half of the maximum adsorption cap&ity,increases, so the
bothD,, andD,for the Niutitang shales are relatively larger tharmmount of gas that can be desorbed at a given pressure decreases.
those of Longmaxi shaléslfle J. The methane adsorption capacity therefore increases gradually
In addition, whereas all six samples examined in this study egth increasing adsorption pressure (gray lifgime 12).
be described as black carbonaceous shales, abundant and diVérisdhas a negativeset on shale gas production even with the
graptolite fauna are observed in Longmaxi shales but nothigh total methane adsorption capacity, because relatively little
Niutitang shale$-(gure 1& and b). Numerous nanoscale poresgas is desorbed, and therefore releasable, at a given pressure.
are well developed within the graptolite-derived organic Samples with high pore accessibility have a relatively small
matterr*’® which could comprise a complex pore systenmaximum adsorption, i.e., low valua gf, but with steep
which may improve the pore accessibility of the Longmaxi shadetsorption prdes at low pressure and a plateau at high
(Figure 1&). Despite all of these observed eagld-related  pressure, i.e., low valud’ gf,(red line inFigure 12). Thatis,
di erences, however, the results of this stadye(4 show no relatively more gas can be released at lower pressures, but the
obvious dierence in pore accessibility between Longmaxi anaximum amount of gas storable is lower. Therefore, there may
Niutitang shales. This may simply be a factor of the limited dal® an optimum value for shale pore accessibility that will
setin this study, butit may also suggest that other factors, suchesimize production of methane in shale reservoirs, and analysis
having reached a minimum maturity level, are controlling ard these values for target shales may help to direct drilling
that the observed dirences in recovery are related to largerprograms. In the short term, our data suggest that drilling in
scale structures. Thus, a more comprehensive comparison stsfle reservoirs with relatively high pore accessibility will allow a
of the pore structure of the two shale formations and &igni cantamount of gas to be quickly produced at relatively low
correlation of the results with regional patterns of gas productigireshold pressures. In the longer term, however, gradual
should be considered. production of larger total amounts of methane with decreasing
3.7. The Implication of Pore Accessibility on Methane borehole pressures could be achieved for low pore accessibility
Production in Shale.Parts a and b 8fgure 13howthatboth ~ shales. Thus, the hydraulic fracturing plan may be tailored to
the Langmuir volume and pressure decrease with increasfiggitrol the percentage of accessible pores in shale for the
accessible pore fraction (with Y88 again an outlier). The production time and amount during shale gas recovery.
higher the pore accessibility, the lower the maximum methane
adsorption capacitiigure 1a). As noted abové, increases 4. CONCLUSIONS

with increasing TOGgure B) and the fraction of acceSS|bIev\)g)%I this study, we have combined FE-SEM, SANS, He

pores decreases with increasing TOC and increases ; e . .
! X . S rosimetry, and volumetric high-pressure adsorption techni-
increasing clay conterfigure 9. Thus, pore accessibility es to characterize the ical and mineralogical

could be an indicator to main chemical properties and methaﬁgmpositions pore structure, and methane adsorption of six

storage in shale. It means that a shale sample with higher p. . . . )
accessibility will have a lower TOC, higher clay content a%?nplesfrom two Chinese marine shale formations. On the basis

g h . . these results, the following conclusions have been drawn:
lower methane sorption capacity, vice versa. Since methane 9

adsorption capacity is controlled by micropores, the resultg1) FE-SEM images show that OM pores are the most
indirectly conrm the conclusion that most of the micropores important pore type, dominating the pore systems of
are in the organic matter, which tends to be disconnected in  these shales. Intraparticle pores, interparticle pores, and
shales. In contrast, higher pore accessibility correlates with lower microfractures resulting from sedimentary diagenesis
maximum methane adsorption presdtiggie 1B). Shales occur between or within mineral grains. Meanwhile,
with a higher anity for methane will have a lower pressure at nanoscale pores and microfractures are alsaéed by

half of the maximum adsorption capacity. Thus, pore mechanical compaction, since both Longmaxi and
accessibility could be an indicator to methane transport in  Niutitang Formations experienced multiphase tectonic
shale. Shale samples with a higher pore accessibility tend to have movements.

lower P (higher methane aity) easier pathways for o . .

methane adsorption, vice versa, although our sampling size {§) Application of the uned t model with two pore
limited. AP, decreases with increasing TOC and clay content  Structures (nite pores and fractal pores) to the SANS

(Figure ¢ and d), the anity of methane for organic matter data shows thatlboth_ surfage and mass fractals are present.
combined with the pore accessibility could dominate the degree ~ Mass fractals with dimensions ranging between 1.94 and
of di culty for methane recovery from the shale nanopores. 2.68 are idented for nite pores except for sample,QD

While it may be surprising tod a relationship between the L4 which has a surface fractal dimension of 2.85. For
percentage of accessible pores and methane adsorption capacity fractal pores, samplesQi2, Wx-49, and Wx54 have
in shale and this relationship needs further testing,atlyéri mass fractal dimensions ranging between 2.84 and 2.93,
may be useful as a guide to methane production in shale gas While samples QR3, WX-8, and W33 have a
reservoirskigure 12 schematically shows thea of shale surface fractal dimension ranging between 2.42 and 2.78.

pore accessibility on methane adsorption isotherms given the ~10tal porosity, estimated by the Porod invariant method,
relationships between pore accessibility amtiP, described ranges between 2.35 and 16.40%, while the porosity of
above. The inverse correlation between the pore accessibility ~ Nit€ pores ranges between 0.35 and 6.36% and the
and maximum adsorption capacity suggests that, when pore porosity of fractal pores ranges between 2.07% and 8.51%.
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