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Abstract
Pressure-solution reaction leads to closer packing of the granular rocks, resulting in a porosity decrease, but the mechanisms operating at the
grain scale are not well understood, mainly because different mechano-chemical processes interact during deformation. Sandstones from the
Brent reservoirs located in the Northern North Sea show pressure-solution features. We focused our work on the role of mass transfer in
sandstone diagenesis, for which the present model of pressure-solution is developed.
Pressure-solution is driven by stress differences and its rate is affected by temperature, grain size, and fluid chemistry. The pressure-solution
process comprises three kinetic steps: dissolution of the grain at stressed grain-to-grain contacts, diffusion to stress-free grain surface, and
precipitation. The present treatment of pressure-solution idealizes the aggregate as a regular packing of truncated spheres, such that it is
sufficient to consider a single spherical grain in contact with N identical neighbours. The grain is assumed to consist of a pure, isotropic solid
substance that is soluble in the pore fluid. For conditions of temperature and pressure relevant for sedimentary basins, we show that the
dissolution step is the slowest kinetic step, and therefore it controls the overall kinetics of pressure-solution. Another original feature of our
model lies in the fact that the geometrical model comes from studies of metallurgy. This geometrical model permits to calculate the
coordination number and the contact surface areas for each sphere as a function of the porosity.
The model is applied to the Brent reservoirs from the Northern North Sea. The inputs of the model are: (1) the temperature and the effective
stress histories computed with TemisSuite Software, (2) the grain-size distribution of the reservoir unit. Then the model is used in postprocessing of a basin-modelling calculation performed with TemisSuite. The computed porosities are in good agreement with the observed
porosities.
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Porosity evolution of sandstone reservoirs
with burial
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Abundant Bibliography over the last 50
years


Pressure solution creep is a temperature and stress dependent
mechanism that modifies both grain size and rock porosity

Grain scale
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Weyl (1959)
Rutter (1976)
De Boer (1977)
Dewers & Ortoleva (1990)
Gundersen et al. (2002)
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Macroscopic scale
Schneider et al. (1996)

Mechanisms operating at grain scales are not well understood,
because several different mechanical-chemical processes interact
during deformation
AAPG Long Beach 2012
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A mechanism involving three kinetic steps

4

AAPG Long Beach 2012

(from Gundersen et al., 2002)

Model description: Thermodynamic recalls


The driving force for pressure-solution is the enhanced solubility
at grain contacts due to the concentration of effective stress
between grains.


several authors addressed to the issue (e.g. Paterson, 1973; De
Boer, 1977; Robin, 1978; Lehner, 1995; ...)
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the interaction between chemical and mechanical forces must be
written according to thermodynamic principles
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Diffusion at grain-grain contact




The path of mass transport by diffusion at grain-to-grain contacts
is a critical factor in determining the rate-limiting step for
pressure-solution.
State of the art:




the rate of pressure-solution of quartz/mica aggregates is limited by
the quartz-reaction kinetics at shallow (1–5 km) depth (Renard et al.,
1997)
diffusion limited at greater depths (Rutter, 1976)
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Misuse of electro-viscous model

Direct measurements of the diffusion coeff. (Nakashima, 1995)

log De = log(0.64x10-9) + 1.3 log Ftot
log De = log(2.50x10-9) + 3.0 log Ftot
AAPG Long Beach 2012

for micropore > 25 nm
for nanopore < 25 nm

Kinetics of dissolution and precipitation of
quartz
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Abundant literature, with approaches ranging from experimental
studies to ab-initio calculations (Lasaga, 1998)

k

SiO2( s )  2 H 2O  H 4 SiO4( aq)
k
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Geometrical model


The geometric model plays a fundamental role in the overall
description of pressure-solution mechanism:
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it permits calculation of the surface area for kinetics processes
it permits calculation of how the effective stress is distributed
between the particles
it permits statement of the relationships between the properties of
porous medium and its micro-structure.

Since Weyl (1959) up today, the pressure-solution models use
regular packing models to describe the porous space
Regular packing neglects the peculiarities arising from the fact
that particle structure is never regular and changes continually
during densification.

AAPG Long Beach 2012

Arzt's Model
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Hence as the average distance
between particles decreases, the
particles are pressed together and
they create contact areas.
During compaction the average
number of contacts per particles
(the so-called coordination number)
will increase, implying that the
forces acting on particle contacts
diminish continuously because the
external pressure is shared among
an increasing number of contacts

AAPG Long Beach 2012

Characteristic times


Comparison of the amount of dissolved quartz and of the amount of quartz
transported by diffusion


Diffusion (Nakashima (1995))






Dissolution rate
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aSi

10

for micropore (> à 25 nm)
Dl = 5.5x10-14 x 50x10-9 = 2.7x10-20 m3/s
for nanopore (< 25 nm)
Dl ranging from 9.7x10-23 m3/s to 2.9x10-24 m3/s

contact

 aSi

pore

 K eq

pore

(T )



K eq
K eq

pore

contact

(T )

(T ,  eff )

Temperature Geometrical model Rate of dissolution Dissolved volume per second
°C
mol/m2/s
m3/s
80
Arzt
6x10-18
7x10-30
80
Cubic
4x10-17
6x10-29
160
Arzt
1.4x10-16
2x10-28
160
Cubic
1.7x10-15
2.3x10-27

AAPG Long Beach 2012

Characteristic times
1  dissolution   1
ratedissolution
k S
  GrainContact
rate precipitation k S FreeGrain 1   precipitation 
1  dissolution   0.1 With effective stress values for sedimentary basins

Since

1  

T = 80°C
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T = 160°C
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precipitation

1  

  kk

precipitation




SGrainContact
1  dissolution   11  6.10 4  5.101  101  11  3  10 4
S FreeGrain
10
10

  2.10

3

 9.101  101 

1
 2  103
1
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If pore volume is 100 to 1000 times larger than the grain-to-grain contact volume,
the assumption is verified

Temperature

Rgrain

Porosity

Z

Pore Vol.

°C
80
80
160
160

m
50
100
50
100

%
25
25
5
5

8
8
12
12

m3
2.6x10-13
2.0x10-12
5.9x10-14
4.8x10-13
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Contact Surface
2
Area/R
0.4
0.4
0.9
0.9

Film Thick.

Contact Vol.

nm
100
100
100
100

m3
1.0x10-16
4.0x10-16
2.2x10-16
9.0x10-16

Contact Vol.
/PoreVol.
3.0x10-3
1.5x10-3
4.5x10-2
2.2x10-2

Summary of the assumptions


The kinetics of the phenomenon is controlled by:
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effective stress
temperature
the number of contacts between grains (coordination number)

The effective stress is used to calculate the solubility of quartz at the
contact between the grains
The kinetics of dissolution includes a term of deviation from equilibrium
which is equal to the difference between the solubility at the contact and
the solubility in the pore (only a function of temperature)
The coordination number and the reactive surface are functions of
porosity
The kinetics of the phenomenon is controlled by the dissolution kinetics
of quartz (the kinetics of precipitation and diffusion in the inter-grain are
not considered)

AAPG Long Beach 2012

Algorithm description
Initial Geometry
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+

Volume of dissolved quartz
Dissolution Kinetic
formalism
(input :
Temperature,
Effective stress)

R'

Calculation of a new
"apparent" radius
New radius
R'
New contact
R"
New surface of contact
number
New free surface
New surface of
available for
contact
precipitation
TheAAPG
effective
and temperature histories are provided by Temis computations
Long Beach stress
2012

Case study: Northern North Sea
NNS dimensions
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Area of interest
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First well
In situ conditions
OP > 300 bar
T ~ 125°C
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Porosity

Depth (m)

Thin-section point counting
R = 170 ± 25 microns
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Second well
In situ conditions
OP > 350 bar
T ~ 145°C
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Porosity

Depth (m)

Thin-section point counting
R = 210 ± 50 microns
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Example of disagreement

T ~ 110 °C / OP ~125 bar



Calculations overestimate the
porosity decrease
Shaly cements have stopped the
pressure-solution

85 % Qtz
Depth (m)

10 % Kaol
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55 % Cement =
Kaol
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Conclusions



For clean sandstones the calculated porosity, over
geological time scale, is in good agreement with the
measured porosity
The mean grain size is the only tunable parameter



But… reservoirs are more complex
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understand the effect of others cements
The effects of clay minerals are not obvious


Are they inhibitors, or do they catalyze pressure-solution ?
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