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Abstract 

 
Microscopic pore structure characteristics of oil and gas reservoirs (e.g., sandstones, carbonates, and mudrocks) – pore shape, pore-size 
distribution, and pore connectivity – control fluid flow and hydrocarbon movement. Focusing on effective porosity, the portion of connected 
pore space as conductive pathways to participate in flow and movement (∅𝑒 / ∅, , as an indicator of macroscopic connectivity), this presentation 
discusses various approaches to quantifying effective porosity for a range of oil and gas reservoirs. The approaches include pycnometry (liquid 
and gas), pore and bulk volume measurement after vacuum saturation, porosimetry (mercury injection capillary pressure, low-pressure gas 
physisorption isotherm, water vapor adsorption/desorption isotherm, nuclear magnetic resonance cyroporometry), imaging (X-ray computed 
tomography, Wood’s metal impregnation, field emission-scanning electron microscopy), scattering (ultra- and small-angle neutron, small-angle 
X-ray), and the utility of both hydrophilic and hydrophobic fluids as well as fluid invasion tests (imbibition, diffusion, vacuum saturation) 
followed by laser ablation-inductively coupled plasma-mass spectrometry imaging of different nm-sized tracers. Our results indicate disparate 
characteristics and range of effective porosity, with a single-zone behavior and a value of connectivity at approximately 70% for sandstones, as 
compared to dual-connectivity zones at 70% and 0.01% for mudrocks. 
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Quantifying effective porosity of oil and gas reservoirs 
(Max) Qinhong Hu (maxhu@uta.edu), The University of  Texas at Arlington, Arlington, TX 76019 

�� Microscopic pore structure characteristics of  oil and gas reservoirs (e.g., sandstones, carbonates, and mudrocks) – pore shape, 

pore-size distribution, and pore connectivity – control fluid flow and hydrocarbon movement   

�� Effective porosity is the portion of  connected pore space as conductive pathways to participate in flow and movement  

�� This work discusses various approaches to quantifying effective porosity for a range of  oil and gas reservoirs  

Approach: Vacuum Saturation 

Definition and Problem Statement 

Introduction 

Porosity of Geological Media
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Darcy 
(1856)(1350-1400)

Measuring �
Gas pycnometry (universal gas law)

Mass lost upon drying a saturated sample

Either of  the above, both before and after 
pulverizing (but to what size?)

2D “porosity” of  a thin section 
(DeLesse’s theorem, 1848; a fraction of  
area is equal to fractions of  volume in 

infinitely thin section)
X-ray microtomography & 

reconstruction
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b
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Edge-accessible pores
Isolated pores

Berea sandstone
(1 ” plug)

100s μm 
sand 

grains

Conventional classifications

Conventional Reservoir

Epoxy-
stained 

pore space

Unconventional Reservoir

Ar-milling
FE-SEM
Loucks et 
al. (2008)

Total ��� vs. Effective Porosity ��e

• Total porosity: include isolated pores, dead-end pores, 
adhesive liquid, or any other liquid that does not 
actively move, as well as trapped gas

• Effective: ratio between the inter-connected pore void 
volume and the total volume of  the rock

Porosity available for fluid flow and mass transport

water-
wet 

pores

oil-
wet 

pores

Pore Structure: Geometry and Topology

Surface Zone: 
<400 μm

Bulk Zone: 
mm to m

Shale’s dual-connectivity zones 
effective porosity ratio (�e 	��
�

macroscopic connectivity, participate 
in fluid flow and mass transport):

Surface Zone ~70%; Bulk Zone ~0.1%

Dead EndsBackbone

Infinite ClusterEdge Porosity

Isolated 
Porosity

Connected 
Porosity

Total Porosity
Percolation theory:
the mathematics of  
how macroscopic 
properties emerge 

from local 
(microscopic) 
connections

Hu et al., JCH, 2012; JGR, 2015)

Surface ~ μ ~ Mudrock

~ μ ~

Bulk ~
�e
Distance from sample edge (fracture face)

~ grains?

REV
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Carbonate

β and υ percolation exponents —
0.41 and 0.88 for 3-D
χ correlation length

up-scaling (percolation)
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• Larger 
proportion of  
closed pores 
for larger 
sample sizes

• Assess pore 
connectivity 
by measuring 
effective 
porosity of  
different 
sample sizes

Edge-accessible Effective Porosity

�

Norton, D., and R. Knapp. 1977. Transport phenomena in hydrothermal systems: 
Nature of porosity. Am. J. Sci., 27: 913–936.

Vacuum Saturation Apparatus

>99.992% 
vacuum

epoxyed
for 

imbibition, 
diffusion

back-up (vac
sat with 

tracers; traced 
imbibition & 

diffusion)

First cut 15 1-cm sized 
cubes

FE-SEM; 
SANS

220-grit sandpaper 
for contact angle 

& Ro

Then crush 
ALL fragments 
into different 
size fractions 

1 2 X Y Z 3 ------- 8

MICP

vac sat (DI water)

vac sat n-
decane
toluene) 

vac sat
THF

Vacuum 
saturation

• Measure porosity and 
densities for large 
and irregular samples

• Use different (polar 
and non-polar) fluids

Boiled & cooled 
DI water

4” full-size 
core

Approach: Mercury Intrusion Capillary Pressure 

MICP Analysis: Pore-Size Distributions vs. Grain Sizes

OH Berea 
sandstone

�������

TX Palo Duro
Canyon
Siltstone
�������

TX Del Rio 
Formation
Claystone

�������

Grain size: 
200 μm

10-50 μm

Grain size: 
2 μm

Grain size: 63 μm

D
d

Packing / D
200 
μm

63 
μm

2 μm
0.1 
μm

Cubic / d 83 26 0.828 0.041

Rhombohedral / d 31 9.7 0.309 0.015

cubic
rhombohedral

d=0.414D �

Global Benchmarking Tests: KG2B Project (2015-2017)

MICP
Porosity: 0.59%

Permeability: 1.08 μD

K for Grimsel 
Granodiorite
Benchmark

Porosity: 0.80 0.42% 
N=31

Permeability: 
1.11 0.57 μD N=35Gases vs. 

liquids
Steady-state vs. 

transient
Confining 

pressure

1 hr – 5 d

30 labs 
from 8 
countries

David et al., GJI, 2018a,b

MICP Analysis: (Multiple) Connected Pore Networks

Berea 
sandstone

WY 
Bighorn 
dolomite

Jiaoye No. 1 well
Long 1 No. 6

shale

Yanchang
Fm. No.7-1
tight sand

Overlaps Surface Zone and Bulk Zone

A Range of  Sample Sizes: Effective Porosity and Different Exp.

“Solid” 
quartz crystal
���������

MICP Analysis: Blank Correction, Validity, and Detection Limit

Only Hg (no 
sample)

“Solid” 
calcite crystal
���������

Silica alumina

Rep.
Meas. 
(N=3)

Median
pore dia. 

(nm)

6.8±
0.5

7.13±0.
06

Total pore 
vol. 

(mL/g)

0.53±0
.02

0.576±
0.010

19

Accessibility, Permeability, and Tortuosity: MICP

Barnett Shale sample (~15 mm 
cube) in the penetrometer

• Mercury Injection 
Capillary Pressure (MICP)

• Measurable pore-throat 
diameter range: 2.8 nm to 
500 μm

• A mercury atom is about 
0.3 nm in diameter 20

MICP Analysis: (Multiple) Connected Pore Networks

Hu. Petroleum Exploration and Development (2017)

GRI+ 
(1700-2360 μm)

GRI 
(500-841 μm)

Powder 
(<75 μm)

Size C 
(75-177 μm)

263 - 365 μm (R)
704 - 977 μm (C) 77 - 130 μm (R)

207 - 348 μm (C)

11.6 – 27.4 μm (R)
31.0 – 73.3 μm (C)

<11.6 μm (R)
<31.0 μm (C)

TX Wolfcamp Sample of  Different Sizes: Inter- vs. Intra-granular Pores

Packing:
Rhombohedral (R)
Cubic (C)

Theory = -0.466
Exp.     = -0.489

GRI+ Size A

Size B powder

Size C

1-in plug
10-mm cube

GRI

μm CT apertures

MICP apertures:
0.71 - 27.4 μm

Comparison of  μ-CT and 
MICP

6.35 μm16.2 μm

multiple pore 
systems

MICP Analysis: Shale Pore Structure and Network

IntraClayP

OM pores

InterP

Micro-
fractures

IntraP

Barnett 7219 �������

IntraP
Lt = 22.0 nm
k = 4.34×10-20 m2

Microfracture
Lt =251 μm
k = 1.13×10-12 m2

IntraClayP
Lt = 3.85 nm
k = 5.45×10-21 m2

OM pores
Lt = 6.15 nm
k = 7.86×10-21 m2

InterP
Lt = 15.4 μm
k = 1.22×10-14 m2

InterP
Lt = 205 nm
k = 5.29×10-18 m2
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Summary 

Approach: Wood’s Metal Impregnation and Imaging 

Mixed Wettability and Associated Pore Structure

Wolfcamp; SEM Wall et al., 2016

OM 
particles
(22%)

OM-
hosted 
pores 
(8.6%)

Inorganic 
minerals

Water-
filled 
pores 
(0.2%)

Approach: Fluid Imbibition and Tracer Migration 

Wood’s Metal Intrusion and Imaging

• A quaternary alloy of  Bi (50%), Cd (12.5%), Pb (25%), 
and Sn (12.5%), with a slightly different proportion

• A corresponding melting point 65 to 80°C

• Used in natural rock, cement paste, concrete, coal; 
started at UC Berkeley in late 1970s Swanson, JPT, 1979

Kaufmann (2010)

Stefan DultzJosef  
Hoffmann

Dultz et al. (2006)

Wettability: Phase-based Fluids and Tracers

1.273 nm × 0.919 
nm × 0.785 nm

1.393 nm × 0.287 nm × 0.178 nm

n-decane

API 
brine

Barnett 
shale  

(Blakely 
#1 7,109’)

• API brine – water (0.394 nm) wetting
� ReO4

- (0.553 nm), I- (0.220 nm); non-sorbing

� Cs+, Co2+, Sm3+ (0.13 nm; sorbing)

� Anionic Sb-complex (0.89 nm)

� Cationic Ru-complex (1.0 nm)

� CdS nanoparticles (5–10 nm)

• n-decane (1.535 nm) – oil wetting
� organic-I

� organic-Re

� CdTe nanoparticles (5–8 nm)

CdS (5–
10 nm)

Hu et al.,  
J. Nano. 

Nanotech., 
2017

two cubes in 
each finger

Imbibition
Vacuum 

saturation

Saturated 
diffusion

High-pressure 
intrusion

P/T

Concentration 
check of  
bottom 
(tracers-
contacted) 
face

10 mm-sided cube

2D/3D Mapping Scheme by LA-ICP-MS
Concentration 
check of  top 
face (either 
Parallel or 
Transverse to 
lamination)

Cut the sample 
dry to expose the 
interior face

Remove epoxy on 
the wall to map the 
side face

Tracer mapping grids

B

A

B

Interior face

3D layer 
mapping

Hu et al.,  
JGR, 2015

Hu et 
al.,  

Vadose 
Zone J., 

2002

Contact Angle Measurements with Different Fluids

Bakken Upper
siliceous

Bakken Middle
calcareous

Wufeng

Longmaxi

Re background: 
1.29 1.24 mg/kg

Cs background: 
8.85 4.20 mg/kg

Ce background: 
51.0 33.6 mg/kg

5–71 μm

1–5 μm

0–1 μmm

Barnett 
7109’ 
brine
imb.
93.7 
hrs

bottom

n-decane fluid; 12 hrs
tracer imbibition

bottombottom

interior

1.393 nm × 0.287 
nm × 0.178 nm 1.273 nm × 0.919 nm 

× 0.785 nm

Entanglement of  wider organic-Re in 5 nm hydrophobic pore systems

“Eagle Ford” 
core sample 8-

2A H (P)

top
Re background: 

4.59 3.10 mg/Kg
I background: 

2.54 2.67 mg/Kg

Diffusivity: Liquid Tracer Diffusion

tD

xerfc
C
C

e22

1

0

�

Saturated samples in contact 
with traced fluid

Fitted parameters (tortuosity τ; Le/L)
� Side wall (100; 1.13)
� Interior (<10,000; <11) 

�e ������~0.1%

Gommes et al. (2009)

20 )(
1

L
L

D
D e
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Unique Dual-Connectivity Zones of  Shale: Multiple Evidence

Bulk Zone

Surface Zone 

Wood’s metal 600 MPa

MICP
1 cm cube

Size B (177-
500 μm)

Size C (75-
177 μm)

Size GRI
(500-841 μm)

~1/1,000

Diffusion

Imbibition

Exp. slope = -0.489
Theo. slope = -0.466 

Granular 
samples

Liquid 
pycnometry

GRI+ Size A GRI Size B Size C

50.03 mL 25.02 mL 10.02 mL
5.03 mL

2.01 mL

1-in plug

Liquid pycnometry: originally 
designed for SOLID samples 

For porous mudrock  
Less fluid displacement 
from fluid imbibition, 

related to wettability and 
connectivity

“grain” density of  relative comparison for 
sample size-dependent effective porosity   

Large-sized samples Vacuum 
saturation with different fluids

Polar DI water API brine

Non-polar: n-
decane:toluene=2:1 (1:1; 10:1) 

Bi-polar tetrahydrofuran

An 
increase 
of  7% in 

“porosity”

p

bn
	
	


�1
500-841 μm 75-177 μm177-500 μm
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Approach: Liquid Pycnometry 
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Surface ~ μ ~ Mudrock

~ μ ~

Bulk ~
�e
Distance from sample edge (fracture face)

~ grains?

REV

�e

Carbonate

β and υ percolation exponents —
0.41 and 0.88 for 3-D
χ correlation length

up-scaling (percolation)
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• Larger 
proportion of  
closed pores 
for larger 
sample sizes

• Assess pore 
connectivity 
by measuring 
effective 
porosity of  
different 
sample sizes

Edge-accessible Effective Porosity

�

Bulk Zone
(70%)

100 μm
LA-ICP-MS elemental 

mapping

Porosity
4,000 bars (invade 3.5 

nm pore diameter)
• Image (500 μm 

× 500 μm) : 
23.7%

• MICP (1 cm ×
1 cm × 1 cm): 
21.0±0.147%

Porosity

Hu et al.,  
VZJ, 2004

mg/kg

Berea sandstone 
Median pore-throat size:  

23.8 μm 
Connectivity: good

Barnett (Blakely #1 
7136’, limestone)

Median pore-throat size: 
22.4 nm

Connectivity: poor

4,000 bars (3.5 nm)

~0.4% of  
pore 

spaces is 
connected

Bulk Zone

Surface Zone

Bulk Zone
(70%)

Hu et al.,  JCH, 2012

Approach: Small Angle Neutron Scattering 

• Detect both connected and closed 
pores

• Obtain full-scale nm-μm pore 
diameter

• Quantify hydrophilic vs. hydrophobic 
pore space

• Investigate reservoir P-T condition

500 nm to 
20 μm (10 
hr)

~1 to 500 
nm (~50 

min 
analysis 

time)

Zhao et al., SR, 2017

Zhang et al., MPG, 2019

(U)SANS: Fluid-Wettable Pore Space
Middle 

Bakken (late 
Devonian) 

Utica (Late Ordovician) 
(R0<0.5%) 

Utica 
(R0=0.82%) 

Upper Bakken 

Zhang et al.,  
AAPG, 2018 

(under review)

Mianyang Neutron Source
China Academy of  

Engineering Physics CAEP

Small Angle X-Ray Scattering 
(SAXS)

Shanghai Light Source SSRF

Oak Ridge National 
Laboratory (ORNL)

National Institute 
of  Standards and 

Technology (NIST)

Summary 

1 mm

B7136’, DI water
10 sec

B7219’, n-decane
1 sec1 mm

B7219’, DI water
10 sec1 mm

B7199’, DI water
10 sec

1 mm

Wettability droplet test

Gao 
and 
Hu,  

AAPG, 
2016

$

$

$$$$$$$

$$$

Summary
• Multiple and complementary 

approaches provide a holistic 

picture of  pore structure

• Size-dependent effective 

porosity us related to reservoir 

type

• Total and effective (water- and 

oil-wet) porosities are quantified
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