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Abstract

Even after hydraulic fracturing, the issues of steep initial decline and low overall recovery of hydrocarbons (oil and gas) from fine-grained
reservoirs affect the economic sustainability of shale resource development. In low-permeability unsaturated fractured shale, fluid flows
predominantly through the interconnected fracture network, with some fluid imbibing into the neighboring shale matrix. Imbibition (driven by
capillary pressure gradient) advectively transports chemicals from fracture into matrix. Diffusion (driven by concentration gradient) can
diffusively transport chemicals into/from the matrix. Once in the matrix, sorbing chemicals can sorb onto matrix rock. All these interacting
processes (imbibition, sorption, and diffusion) control fluid flow and chemical transport in fractured shale. Microscopic characteristics of
porous matrix — pore shape, pore-size distribution, pore connectivity — influence macroscopic behavior of fluid flow and chemical transport and
can therefore affect the fate of injected fracturing fluids, flowback and produced fluids, as well as the exploration of hydrocarbons in
hydraulically-fractured shales. Using an innovative and complementary laboratory approaches, such as imbibition and diffusion tests
employing nano-sized tracer recipe followed with microscale mapping of tracers, our work indicates the limited fracture—matrix interactions in
fractured shale, with low pore connectivity of nm-sized shale matrix pores and the consequent limited (sub-mm near the fracture face)
accessible porosity and anomalous diffusion to the stimulated fracture network and producing wellbore.
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* Production decline and fracture-matrix interaction

* Scientific issues across scales
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Field observation (preferential flow in a fracture network) of
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Unique Dual-Connectivity Zones of Shale: Multiple Evidence
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Pycnometry of gas and hydrophilic / hydrophobic fluids (DI water; API brine; n-decane; isopropyl alcohol IPA or tetrahydrofuran THF) for fluid-
accessible effective porosity of a range of sample sizes (pm — 10 cm) (UTA)

Fluid (DI water; API brine; n-decane; IPA or THF) and tracer imbibition with respect to sample bedding direction and initial moisture content (UTA)
Edge-accessible porosity after tracer vacuum-saturation and high-pressure intrusion (UTA)

Liquid and gas diffusion, under ambient and high-pressure / high-temperature conditions (UTA)

Mercury Injection Capillary Pressure analysis and hysteresis (UTA; CUG)

Low-pressure gas adsorption isotherm and hysteresis (Univ. of Tokyo, Japan; CDUT, CAS-GIG and CUG, China; UT Austin; Kansas State Univ.)
Water vapor adsorption isotherm and hysteresis (UTA)

Nuclear Magnetic Resonance Cryoporometry (Lab-Tools, Ltd., UK; Niumag Co., China; UPC)

Ar ion milling Field Emission-SEM (FE-SEM) and QEMSCAN (Quantitative Evaluation of Materials by Scanning) mapping, correlated with tracer

mapping to study Dalmatian wettability and connectivity of shale composition pore systems (Hitachi; CUP-Beijing, CAS-GIG, and CGS-0O&G,
China)

2-D imaging/mapping after Wood’s metal impregnation (Univ. Hannover, Germany; EPMA, Switzerland)

Microtomography (high-resolution, synchrotron, nano-CT) (PNNL-EMSL; Swiss Light Source; Univ. Hannover; Saitama Univ., Japan; CUP-Beijing,
RIPED, China)

Focused Ion Beam/SEM (FIB-SEM) imaging (PNNL-EMSL; CUP-Beijing; CGS-O&G)

Small-Angle Neutron Scattering (U)SANS (NIST; ORNL; LANL; Mianyang) and Small-Angle X-Ray Scattering (Shanghai SSRF; Beijing BSREF, Jilin
Univ., China)

Pore-scale network modeling (Iowa State Univ.; Wright State Univ.; Kansas State Univ.) Hu et al.,, Hedberg, 2010

Physics-based production decline analyses (DrillingInfo; IHS-Fekete Harmony; Eclipse; Kappa)
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Size : Size fraction Equivalent spherical
: : Sieve mesh . :
designation (diameter) dia. (um)
: 2.54 cm dia.; any
Cylinder / Plug eiaht: fo.e, 3em) (24394)
Cube 1.0 cm 9086
Size X 8 mm to #8 2.38 - 8 mm 5190
GRI+ #8 to #12 1.70 - 2.38 mm 2040
: 5@0-841
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Overlaps GRI #20 to #35 500 - 841 um 671 «
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* API brine (8 wt% NaCl+2 wt% CaCl,) [water-wed]

Wettability-based Fluids and Tracers

v ReO,” (0.553 nm)

v’ Anionic Sb-complex (0.89 nm) @y
v' Cationic Ru-complex (1.0 nm) O

v CdS nanoparticles (5-10 nm) e

* n-decane: toluene [oil-wef]

v Organic-I

0.23 1.393 nm X 0.287 nm X 0.178 nm

mm . CHz(CH2)gCHA4I)

v Organic-Re

v' CeF; nanoparticles (10-12 nm)

* Tetrahydrofuran—zewittering
v Ru-complex (2.42 nm)

1.273 nm X 0.919 nm X 0.785 nm

Hu et al., J. Nano. Nanotech., 2017
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Laser Ablation-Inductively
Coupled Plasma-Mass
Spectrometry (LA-ICP-MS)

Diffusion_ Hu et al, Vadose Zone ]J., 2002 High-pressure impregnation
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Re background: 1.29+1.24 mg/kg
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Non-wetting Fluid : Effective Porosity Effect
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Eagle Ford shale ! CH3(CH2)8CH2| 1.393 nm X I I Q @ 1,973 rm X 0. 919
1 0.287 nm X I ” nm X 0.785 nm
n-decane I 0.23 nm 0.178 nm : ' /'\ :
____________________ I 0.85 nm I

Vac sat + High-pressure intrusion

I bkgd: 2.54£2.67 mg/Kg

Oil-wet pores: 2.8-
20nm pore throat
dia.

H,0: 0.32 nm

CH,: 0.38 nm

Aromatics: 1-3 nm

Asphaltene: 5-10 nm
(Nelson, 2009)




Small Angle Neutron Scattering (SANYS)
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Small-Angle Neutron Scattering (SANS)
Why neutrons? h
“* Neutrons vs. X-rays R Neutron beam _——Q
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—
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effective arec presented < . ® ... Sample Detectgr Detector
by a nucleus to a neutron #H 0 C 0 A S Fe 4 13
= e . e o ® a . I
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quunnmn
% Neutrons are very sensitive fo hydrogen
“* Non-destructive and high peneltration (flexible sample environment) D b h d d 1 d
% Contrast matching possible (Different isotopes scattering differently) eteCt Ot Conne Cte an C O S e p Ore S

Obtain full-scale nm-pm pore diameters

Effect of pore
confinement on phase
behavior and fluid flow

Quantlfy hydroph111c VS. hydrophoblc pore space
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LosAlamos LANSCE -
1010
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108 L

Yang et al.,
2017; Sun et
al., 2017;
Zhao et al,
SR, 2017;

d_decane Zhang et al.,
2019
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Utica (Late Ordovician) Utica Middle Bakken
(R,<0.5%) (Ry=0.82%) (late Devonian)

P{}I'{}Sity Results (%)
Sample1l Sample2 Sample 3

Total 1 1.4 7.83 9.28

Hydrophyllic | 7.04F 27 716 [ZRaRge
Hydrophobic | 492F | 258 232 ey
MICP Accessible| | 2.12] 0.79 3.71
(U)SANS (grains:

MICP (grains: 177-500 pm)
Formation TOC S 177-500 pm)

(lcm cube)

Upper Bakken 11om-20pm) (3.4nm - 50 pm) (3.4 nm - 10 um)

Sample #4 Bakken 13.7wt.% = 2.29% 11.69% 13.20% 11.10% —
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Production Decline in Log-Log Space
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Dual connectivity at ~500 pm
from sample edge (rapid initial
decline & low recovery;
completions for complex
fracture network; refrac; shut-in)

Mixed wettability at um scale;
oil than water (modification for

enhanced recovery)

Dual flow paths in 3-D space:* 1 | ;
>10-50 nm hydrophilic pore mattix fracture

.

matrix
feeding of
hydrocarbon

s from Bulk
to Surface

Sand grains

network at slow rate; ~5 nm
rapid rate but size exclusion
(production of small-sized
hydrocarbons)

— Fracture

Z.ones

Fracture-matrix interaction



