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New methods for effective porosity and surface area 
measurement and prediction in vesicular basalts



Motivation:
Characterization of basalt 
reservoir in Iceland 
CarbFixGeothermal/CCS-
project
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Steam, gases (CO2 and H2S) 
and water from geothermal 

wells

CO2 storage 
injection site

Hellisheidigeothermal field



ÅEfficient CO2 mineral trapping requires 
large surface area availability

ÅLarge effective porosity is important 
for reservoir connectivity and 
providing sufficient CO2 storage 
volume

Mineral trapping

Importance of understanding 
fluid transport in basalt 
formations
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1. How can we identify flow pathways and 
quantify effective porosityand surface 
area in basalts at the pore scale under 
elevated pressure conditions?

2. How can we generalize these results across 
a range of basalt formations?

Research Questions
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Obtained cores for 
experiments from 
CarbFixproject

10 cm
5

Hellisheidigeothermal field

Well site



CarbFixcore used for experiments

2 cm

Low porosity basalt
KB2017a: k Ғ п µD
KB2017c: k < 1 µD

2 cm

Axial-parallel fracture

No visible fractures

High porosity fractured basalt
KB2017b: ƪ Ғ лΦрл 5 
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1. Micro-CT to image pore geometry

Experimental multimodal imaging approach

Micro-CT
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Experimental multimodal imaging approach

2. Segment micro-CT image
3. Measure
Å Total porosity 
Å Total surface area

Micro-CT
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4. Micro-PET corefloodingexperiment

Experimental multimodal imaging approach

Micro-CT Micro-PET



Micro-CT Micro-PET

Clinical CT
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5. Acquire clinical CT scan to register 
micro-PET and micro-CT images

Experimental multimodal imaging approach
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1. Total porosity

2. Effective porosity

3. Total surface area

4. Effective surface 
area

Experimental multimodal imaging approach

Micro-CT Micro-PET

Clinical CT



PET data highlights flow path of injected fluid (i.e. 
effective pore space)
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PET imaging of 
tracer in low 
porosity sample
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2 cm
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Tracer injection
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2 cm

2 cm

Tracer injection

PET imaging of 
tracer in low 
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Tracer injection
17

2 cm

2 cm

PET imaging of 
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2 cm
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Tracer injection

PET imaging of 
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porosity sample

N
o

rm
a

lize
d

 ra
d

io
tra

ce
r co

n
ce

n
tra

tio
n



19

2 cm

2 cm

Tracer injection
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2 cm

2 cm

Tracer injection

PET imaging of 
tracer in low 
porosity sample
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PET scan highlights 
location of sub-
micron features that 
enable fluid transport
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Tracer injection



1. Total porosity = 7.6%

2. Effective porosity = 2.8%

3. Also obtain effective surface 
area measurements
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Porosity and 
surface area 
measurements



Summary of experimental measurements
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Experimental results compared with 
published data

ÅMultimodal 
imaging enables 
a new method 
basalt 
characterization.

ÅResults agree 
well with other 
published 
measurements
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1. How can we identify flow pathways and 
quantify effective porosityand surface 
area in basalts at the pore scale under 
elevated pressure conditions?

2. How can we generalize these results across 
a range of basalt formations?

Research Questions
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Percolation simulator procedure
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1. Choose vesicle size randomly from 
experimentally determined 
distribution



Percolation simulator procedure
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1. Choose vesicle size randomly from 
experimentally determined 
distribution

2. Randomly places the vesicle in the 
3D simulation model

3. Calculate:
a. Total porosity
b. Effective porosity
c. Normalized surface area
d. Normalized effective surface 

area



Example simulation
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Example simulation
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Example simulation
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Example simulation
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Example simulation
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Example simulation
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Example simulation
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Example simulation
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Example simulation
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Example simulation
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Results from 50 
percolation 
simulations

Sensitivity analysis found that 
median results are not 
dependent on system size or 
vesicle size distribution
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Surface area 
decreases at 

large porosities



Simulation comparison with experimental 
data
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What is the missing 
mechanism?



Backscatter electron image of basalt sample 
shows microporous rim around vesicles

Vesicle

Matrix
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Backscatter electron image of basalt sample 
shows microporous rim around vesicles

micro-CT segmented 
vesicle

Matrix
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Backscatter electron image of basalt sample 
shows microporous rim around vesicles

Microporous area that 
contributes to fluid 

advection but has a small 
impact on porosity
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micro-CT segmented 
vesicle



Percolation simulation with microporosity

ÅΨaƛŎǊƻǇƻǊƻǳǎΩ ǊƛƳ ŀǊƻǳƴŘ 
vesicles that enables 
connectivity but does not 
contribute to overall porosity 
values

ÅDuring regular increments the 
following are calculated:
1. Total porosity
2. Effective porosity
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Percolation simulation with microporosity
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ÅΨaƛŎǊƻǇƻǊƻǳǎΩ ǊƛƳ ŀǊƻǳƴŘ 
vesicles that enables 
connectivity but does not 
contribute to overall porosity 
values

ÅDuring regular increments the 
following are calculated:
1. Total porosity
2. Effective porosity



Percolation simulation with microporosity
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Percolation simulation with microporosity
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Percolation simulation with microporosity
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ÅΨaƛŎǊƻǇƻǊƻǳǎΩ ǊƛƳ ŀǊƻǳƴŘ 
vesicles that enables 
connectivity but does not 
contribute to overall porosity 
values

ÅDuring regular increments the 
following are calculated:
1. Total porosity
2. Effective porosity



Percolation simulation with microporosity
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ÅΨaƛŎǊƻǇƻǊƻǳǎΩ ǊƛƳ ŀǊƻǳƴŘ 
vesicles that enables 
connectivity but does not 
contribute to overall porosity 
values
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Percolation simulation with microporosity
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ÅΨaƛŎǊƻǇƻǊƻǳǎΩ ǊƛƳ ŀǊƻǳƴŘ 
vesicles that enables 
connectivity but does not 
contribute to overall porosity 
values

ÅDuring regular increments the 
following are calculated:
1. Total porosity
2. Effective porosity



Influence of 
microporosity
thickness on 
effective 
porosity

2 vox
width

1 vox
width
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Microporositypercolation simulation results 
explains
experimental 
data trend
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Summary
ÅMultimodal imaging enables characterization of effective porosity, 

total porosity, effective surface area, and total surface area.

ÅPET imaging is able to detect and highlight fast-path connectivity, 
even in micron-scale features.
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Summary
ÅMultimodal imaging enables characterization of effective porosity, 

total porosity, effective surface area, and total surface area.

ÅPET imaging is able to detect and highlight fast-path connectivity, 
even in micron-scale features.

ÅA percolation simulator was 
developed which is able to 
generalize basalt experimental 
observations across a range of 
basalt porosities and 
microporosityconditions.
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Thank you for your attention!
Questions?
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Supplemental Information
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ÅThis quantification of effective 
porosity will improve carbon 
storage volume estimates.
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Implications for Carbon 
Storage and Geothermal 
Projects



ÅThis quantification of effective 
porosity will improve carbon 
storage volume estimates.

ÅPercolation simulation results 
highlight the tradeoff between 
reactive surface area and CO2

storage volume.

Implications for Carbon 
Storage and Geothermal 
Projects



Then inject radiotracer
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into core to visualize 
effective flow 

pathways



Effect of vesicle size distribution
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