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Abstract

Dissolution of feldspars and precipitation of secondary minerals (kaolinite, illite and quartz) are significant diagenetic pro-
cesses in arkosic sandstones. We examined moderately buried sandstones in the Eocene Shahejie Formation from two sags in
the Bohai Bay Basin, East China. Three different types of mineral assemblages (MA) were identified: extensively leached feld-
spars with a large amount of authigenic kaolinite and quartz cement (MA-1), extensively leached feldspars with a large
amount of authigenic kaolinite and minor quartz cement (MA-2), and extensively leached feldspars with a small amount
of both authigenic kaolinite and quartz cement (MA-3).

Numerical simulations at the continuum scale using Geochemist’s Workbench 9.0 were conducted to decipher the origin of
the different mineral assemblages. The physicochemical reactions including feldspar dissolution, transport of Al3+ and
SiO2(aq), and precipitation of kaolinite and quartz are coupled together in these simulations, with constraints of chemical
reactions, kinetic law, dispersion, and advection. Modeling results suggest that a dissolution zone, a transitional zone, and
a precipitation zone can be formed in a sandstone unit with suitable constraints of temperature, flow rate, fluid composition
and mineral reaction rate. And MA-3, MA-2, and MA-1 assemblages develop in these three zones respectively. The higher
SiO2(aq) concentration required for the saturation of quartz than for kaolinite and the low Al3+ concentration needed for
the saturation of kaolinite lead to the precipitation of only kaolinite in the transitional zone in a geochemical system with
feldspar dissolution serving as the dominant source of SiO2(aq) and Al3+.

Comparisons between modeling results and observations of natural sandstone diagenesis suggest that an MA-1 assemblage
is likely to occur in buried sandstones at high temperatures (>70–80 �C) and low flow rates. An MA-2 assemblage may occur
in moderately buried sandstones at moderate temperatures (40–70 �C), in deeply buried sandstones with faults and fractures
serving as conduits of meteoric freshwater, or in shallow sandstones where meteoric water is not abundant. An MA-3 assem-
blage tends to occur in shallow sandstones at low temperatures (<40–50 �C) and high flow rates, or in buried sandstones where
faults and fractures develop widely and serve as freshwater conduits. These proposals are valid in natural arkosic sandstones
and of great significance in deciphering the diagenetic environments where the feldspar dissolution and secondary mineral
precipitation have occurred.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Feldspar dissolution and precipitation of secondary
minerals (quartz, kaolinite, and illite) are significant diage-
netic reactions affecting the reservoir quality of subsurface
sandstones with detrital feldspar grains (Giles and De
Boer, 1990; Ronald and Edward, 1990; Glasmann, 1992;
Taylor et al., 2010; Bjørlykke and Jahren, 2012;
Wilkinson et al., 2014; Yuan et al., 2015a). Many petro-
graphic studies have reported mineral assemblages of two
end-members relating to feldspar leaching reactions (Giles
and De Boer, 1990; Hayes and Boles, 1992; Taylor et al.,
2010; Yuan et al., 2013). One end-member case is exten-
sively leached feldspars coupled with a large amount of sec-
ondary pores, authigenic clays, and quartz cements in a
closed system. The opposite end-member is extensively lea-
ched feldspars coupled with few secondary minerals but
enhanced secondary pores in an open system. A third min-
eral assemblage related to feldspar diagenesis consists of
extensively leached feldspars with massive authigenic
kaolinite but minor quartz cement (Emery et al., 1990;
Bjørlykke and Jahren, 2012; Yuan, 2015). The observed
mineral and textural relationships, which indicate the sig-
nificance of feldspar dissolution, are controlled by inte-
grated physicochemical processes including feldspar
dissolution, secondary mineral precipitation, and transfer
of Al3+ and SiO2(aq) in chemical weathering, diagenesis
and hydrothermal alteration of sandstones (Giles and De
Boer, 1990; Barclay and Worden, 2000; Thyne et al.,
2001; Fu et al., 2009; Maher et al., 2009; Bjørlykke and
Jahren, 2012; Lu et al., 2013; Farquhar et al., 2015; Yuan
et al., 2015a).

Though numerous laboratory experiments on the kinet-
ics of dissolution and precipitation of a range of feldspar
compositions, kaolinite, and quartz under a wide range of
chemical and physical conditions have been conducted
(Huang et al., 1986; Ganor et al., 1995; Harouiya and
Oelkers, 2004; Yang and Steefel, 2008; Fu et al., 2009;
Hangx and Spiers, 2009; Kampman et al., 2009; Maher
et al., 2009), only a few of these studies have considered
mass transfer (eg. Al3+, SiO2(aq)). Most laboratory mineral
dissolution experiments were performed in fluids far from
equilibrium with minerals, though some experiments on
mineral reactions close to equilibrium (Nagy et al., 1990;
Burch et al., 1993; Gautier et al., 1994; Devidal et al.,
1997; Hellmann and Tisserand, 2006; Yang and Steefel,
2008; Hellmann et al., 2010) and experiments on coupled
feldspar dissolution and secondary mineral precipitation
in batch systems with specific conditions were also reported
recently (Burch et al., 1993; Hellmann and Tisserand, 2006;
Fu et al., 2009; Hellmann et al., 2010; Zhu et al., 2010; Lu
et al., 2013).

Reactive transport modeling is an essential and signifi-
cant tool to investigate the water-rock interaction (Thyne,
2001; Steefel et al., 2005). Geochemical modeling studies
for the purpose of understanding mineral dissolution, mass
transfer, or coupled mass transfer and mineral dissolution/-
precipitation in different systems have been reported
(Steefel and Cappellen, 1990; Johnson et al., 1998; Thyne,
2001; Thyne et al., 2001; Park and Ortoleva, 2003; Steefel
et al., 2005; Maher et al., 2009; Kang et al., 2010; Chen
et al., 2014; Huber et al., 2014; Park, 2014; Yuan et al.,
2015b). Many studies have been conducted to investigate
chemical weathering reaction processes at profiles in the
earth surface environments using the reactive transport
model (Steefel and Cappellen, 1990; Soler and Lasaga,
1996, 1998, 2000; Maher et al., 2009; Navarre-Sitchler
et al., 2011). Numerical simulations of feldspar dissolution
with precipitation of secondary minerals in subsurface
sandstones have been conducted in many studies (Barclay
and Worden, 2000; Xu et al., 2005; Yuan et al., 2015b),
however, mass transfer was not included in most of the
models that have been used. To date, only a few studies
on coupled chemical reactions and mass transfer in feldspar
dissolution processes in subsurface geochemical systems
with specific conditions have been reported (Stoessell,
1987; Thyne, 2001; Thyne et al., 2001; Park and Ortoleva,
2003; White et al., 2005; Maher et al., 2006; Kampman
et al., 2014; Park, 2014). Stoessell (1987) studied the trans-
port of Al3+ released from a single leached feldspar grain by
diffusion coupled with advective flow in a two dimensional
scheme at 100 �C (Stoessell, 1987). Thyne et al. (2001) and
Thyne (2001) modeled transfer of K+ and SiO2(aq) by only
diffusion and coupled feldspar dissolution and precipitation
of illite and quartz in interbedded sandstones and mud-
stones in a one-dimensional scheme at 130 �C (Thyne,
2001; Thyne et al., 2001). Maher et al. (2006) investigated
the apparent discrepancy between laboratory and field dis-
solution rates of plagioclase using various mechanistic reac-
tive transport models (Maher et al., 2006). White et al.
(2005) and Kampman et al. (2014) investigate the CO2-
fluid-mineral interactions during CO2-injection in buried
sediments (White et al., 2005; Kampman et al., 2014).
Park (2014) introduced a method to simulate coupled
mass-transfer and chemical reactions and reported a flow-
through system where CO2-charged water with a 100 m/yr
flow rate interacted with formation water in sandstones at
90 �C in a one dimensional scheme (Park, 2014). Further
studies using reactive transport modeling are necessary
for a more thorough interpretation of the various diage-
netic mineral assemblages associated with feldspar diagene-
sis in subsurface sandstones.

The Nanpu Sub-basin and the Dongying Sub-basin are
two subunits in the Bohai Bay Basin and are important oil
and gas producing provinces in East China (Guo et al.,
2010, 2013). Detailed geological background knowledge is
available from previous studies (Zhang et al., 2008; Guo
et al., 2010, 2013; Cao et al., 2014; Yuan et al., 2015a,
2015b). Based on studies of the sandstones in the Eocene
Shahejie Formation in these two sags, three different types
of mineral assemblages of leached feldspars, authigenic
kaolinite and quartz cement were identified. The objectives
of this paper are to (1) present typical mineral assemblages
relevant to feldspar diagenesis in subsurface sandstones;
(2) investigate the integrated processes of feldspar dissolu-
tion, transport of solutes released from leached feldspars
and secondary mineral precipitation utilizing the
Geochemist’s Workbench 9.0 to address coupled mass-
transfer and water-rock interactions at the continuum scale
using reactive transport modeling; (3) analyze the impact of
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different controlling factors including temperature, flow rate
and composition of CO2-charged fluid, mineral reaction rate
and fracture; and (4) propose favorable geological conditions
for the occurrence of various mineral assemblages. This study
show that reactive transport simulations can be used to
decipher the occurrence of feldspar diagenesis in subsurface
arkosic sandstones. The favorable geological conditions pro-
posed for occurrence of the different diagenetic mineral
assemblages is of great significance for understanding the
diagenetic environments where the feldspar dissolution and
secondarymineral precipitation have occurred and for predic-
tion of reservoir quality of subsurface sandstones.

2. SAMPLES AND METHODS

A petrography analysis on detrital mineral compositions
and diagenetic chemical reactions in natural sandstone sam-
ples was conducted. Diagenetic mineral assemblage was
identified using such analysis and the obtained petrography
data can provide constraints for model formulation. Sand-
stone core samples from the Eocene Shahejie Formation in
the Dongying Sub-basin and the Nanpu Sub-basin were
used in this study. The samples were selected from different
positions in the sandstone beds, consisting of medium
grained sandstones to pebbly sandstones with little matrix.

Two hundred and fifty red (or blue) epoxy resin-
impregnated thin sections were prepared for an examina-
tion of mineral compositions, secondary porosity in feld-
spars, and authigenic minerals. Oil in the core samples
was removed first using alcohol-benzene compound.
Impregnation was undertaken in a vacuum to remove gas
from the samples; samples were dried at 50 �C and the
Lvbao-E51 epoxy was cured at 60 �C and injected into
the samples with a pressure of 50 MPa. Then, samples were
polished to be 30 lm thick thin sections. Optical identifica-
tion of the thin sections was conducted using a Zeiss (Axio-
plan 2 imaging) microscope. Point-counts were performed
on the thin sections for the detrital compositions with at
least 300 points, which can provide a standard deviation
of approximately 6% (Van der Plas and Tobi, 1965).
Between twenty and forty micrographs of thin sections were
taken for each thin section to determine the content of sec-
ondary pores formed by the dissolution of feldspar compo-
sitions (feldspar-hosted pores), quartz cements and
authigenic clays. Photomicrographs were obtained using
100� objectives, and covering an area of 6.45 mm2. Target
minerals and pores in each micrograph were then identified
under a microscope and were drawn on a computer screen
using CorelDRAW. The total area of the target minerals
and the pores in every micrograph was obtained using
Image-Pro Plus software. Contents of these minerals and
pores in each thin section were obtained by averaging the
values obtained from all micrographs. Twenty micrographs
were used for the medium-coarse grained sandstones, while
40 micrographs were used for the pebbly sandstones to min-
imize sampling bias. Generally, feldspar remnants accom-
pany most feldspar-hosted pores. Moldic pore texture and
oversized pore texture (larger than most grains) were used
to identify the total dissolution of feldspar grains. Repeti-
tive measurements of 10 samples illustrate that errors are
generally less than 0.5%, 0.2% and 0.1% when test data
range from 2–4%, 0.5–2% and 0–0.5%, respectively (Yuan
et al., 2015a). Besides the thin sections, X-ray diffraction
(XRD) analysis was conducted sandstone samples to collect
the content of K-feldspars and plagioclases. A D8 Discover
was used for XRD analysis with CuKa radiation, a voltage
of 40 kV, and a current of 25 mA. Prior to analysis, each
ample was oven-dried at 40 �C for 2 days and ground to
<40 lm using an agate mortar to thoroughly disperse the
rocks. No chemical pre-treatment was employed. Samples
were scanned from 3 to 70 with a step size of 0.02.

Two 2-D simulated systems were formulated for this
study. One represents a homogeneous sandstone system;
the other represents a sandstone system with a fracture at
its left side, enabling us to study its impact on water-rock
interaction. Kinetic data for K-feldspar, albite, kaolinite
and quartz, diffusion coefficient and dispersivity (a) of var-
ious solutes were collected from scientific publications (Li
and Gregory, 1974; Lasaga, 1984; Steefel and Lasaga,
1994; Boudreau, 1996; Alekseyev et al., 1997; Harouiya
and Oelkers, 2004; Palandri and Kharaka, 2004; Xu
et al., 2005; Yang and Steefel, 2008; Kampman et al.,
2009; Ovaysi and Piri, 2011; Black et al., 2014; Park,
2014). Equilibrium constants of different chemical reac-
tions, numerical simulations of coupled feldspar dissolu-
tion, transfer of solutes (e.g. Al3+, SiO2(aq)), and
precipitation of kaolinite and quartz were studied using
the Geochemist’s Workbench 9.0 (GWB). The GWB Reac-
tion Module accounts for chemical reactions with thermo-
dynamic data in the thermo.dat file. The GWB Transport
Module is a ‘‘time marching” program and accounts for
the transport of chemical compositions by molecular diffu-
sion, hydrodynamic dispersion, and advection. The
domain’s initial condition and the composition of a fluid
that move into it were set first. The program predicts how
the domain changes over time as it reacts with the migrating
fluids in the following manner. The model discretizes the
domain by dividing it into blocks and sets physical proper-
ties such as porosity and permeability for each block. A
25% core plug porosity was used as the initial porosity of
the simulated sandstone systems. The core plug porosity
was obtained from the studied Shahejie sandstones reported
in previous studies (Yuan et al., 2015a), which has been
analyzed using CMStm-300 core measurement system with
N2 and a confining pressure of 6 MPa. The GWB program
initializes the system through speciation calculations and a
series of constraints. For each time step, the program calcu-
lates the water flow field and how transport affects the
chemical composition of each block. The program then
determines the chemical state of each nodal block corre-
sponding to the revised composition and temperature,
and reflecting the progress of any kinetic reactions.

3. PETROGRAPHIC OBSERVATIONS IN FELDSPAR-

RICH SANDSTONES

3.1. Sandstone detrital compositions

Medium grained sandstones to pebbly sandstones from
the two sags consist mainly of lithic arkoses and feldspathic



Fig. 1. Ternary plots showing grain compositions of the GL sandstones (A1) in the Nanpu Sub-basin and the ST and MF sandstones (B1) in
the Dongying Sub-basin (refer to sandstone classification standard of Folk et al., 1970); (A2–A3) the content of K-feldspar and plagioclase in
the GL sandstones; (B2–B3) the content of K-feldspar and plagioclase in the ST sandstones and the MF sandstones (Yuan et al., 2015a).
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litharenites with large amount of detrital feldspars (Fig. 1).
In sandstones of the Gaoliu area of the Nanpu Sub-basin
(GL sandstones), the point-counting data indicates that
the quartz volume content is 10–49% with an average of
27%, the feldspar content is 14–55% with an average of
36%, and the rock fragment content is 7–65% with an aver-
age of 37% (Fig. 1A1). Bulk rock XRD data indicates that
K-feldspar mass content is 6–30% with an average of 11%
and the plagioclase content is 13–32% with an average of
25% (Fig. 1A2 and A3). In sandstones of the Shengtuo area
(ST sandstones) and the Minfeng area (MF sandstones) of
the Dongying Sub-basin, the quartz content is 5–63% with
an average of 31%, the feldspar content is 4–74% with an
average of 37%, and the rock fragment content is 3–88%
with an average of 30% (Fig. 1B1). Bulk rock XRD data
indicates that K-feldspar content is 2–27% with an average
of 11% and the plagioclase content is 2–46% with an aver-
age of 24% (Fig. 1B2 and B3).
3.2. Mineral assemblages of leached feldspars and secondary

minerals

Previous studies suggest a weak chemical dissolution in
the subsurface sandstones in the Dongying Sub-basin and
Nanpu Sub-basin, and mineral textures suggest an associa-
tion of authigenic kaolinite and quartz cement with leached
feldspars (including detrital feldspar grains and feldspar
compositions in rock fragments) (Yuan et al., 2013,
2015a; Yuan, 2015). Regarding the amount of leached feld-
spars and associated secondary minerals (kaolinite and
quartz), three types of diagenetic mineral assemblages were
identified in the ST, MF, and GL sandstones (Yuan, 2015;
Yuan et al., 2015a).

(1) Mineral assemblage-1 (MA-1): Extensively leached
feldspars with massive authigenic kaolinite and
quartz cements (Fig. 2A1 and A2)
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In the ST sandstones, extensively leached feldspars are
commonly accompanied by massive kaolinite and quartz
cements in nearby primary pores. On a thin section scale,
quantitative data from thin sections demonstrates positive
relationships between the amount of feldspar porosity and
that of secondary minerals (Fig. 3A1 and A2).

(2) Mineral assemblage-2 (MA-2): Extensively leached
feldspars with massive authigenic kaolinite and min-
or quartz cement (Fig. 2B)

Differing from the ST sandstones, extensively leached
feldspars in the MF sandstones are commonly accompanied
by massive amounts of kaolinite but minor quartz cement
in nearby primary pores. On a thin section scale, quantita-
tive data from thin sections demonstrates a positive correla-
tion between the amount of feldspar porosity and that of
kaolinite, while the amount of quartz cement is much smal-
ler than the feldspar porosity (Fig. 3B1 and B2).

(3) Mineral assemblage-3 (MA-3): Extensively leached
feldspars with little authigenic kaolinite and quartz
cement (Fig. 2C)
Fig. 2. Micropetrographic evidences of the three types of mineral assembl
the Eocene Shahejie sandstones from two different sub-basins of the Bo
amount of authigenic kaolinite and quartz, thin section at 2841.3 m of
extensively leached feldspars with large amount of authigenic kaolinite an
the Minfeng area of the Dongying Sub-basin; (C) extensively leached feld
cements, thin section at 3475.15 m of well Liu60X1 in the Gaoliu area
dissolution, Qa-quartz overgrowth; K-kaolinite, Q-quartz, F-feldspar, R
Contrasting with the ST sandstones, extensively leached
feldspars in the GL sandstones are commonly accompanied
by extremely small amounts of kaolinite and quartz cement.
On a thin section scale, quantitative data from thin sections
indicate that the amount of secondary minerals is much less
than the feldspar porosity (Fig. 3C1 and C2).

4. MODEL FORMULATION AND INPUT

CONSTRAINTS

4.1. Simulated systems

Two 2-D simulated systems including a homogeneous
sandstone system and a sandstone system with a fracture
at its left side were formulated. The 2-D homogeneous sys-
tem is a 10 m � 2.1 m sandstone bed; the long axis (10 m)
and wide axis (2.1 m) are divided into 100 and 21 grids
evenly, with the length of 10 cm for each block (Fig. 4A).
The 2-D sandstone system with a fracture parallel to the
long axis at the left side is a 10 m � 2.01 m bed. The long
axis (10 m) is divided into 100 grids evenly, with the length
of 10 cm for each block; the wide axis (2.01 m) is divided
into 21 grids, the grid in the middle of the bed has a width
ages of leached feldspars, authigenic kaolinite and quartz cement in
hai Bay Basin. (A1–A2) Extensively leached feldspars with large

well Tuo714 in the Shengtuo area of the Dongying Sub-basin; (B)
d minor quartz cement, thin section at 2263.85 m of well Yan182 in
spars with a very small amount of authigenic kaolinite and quartz
of the Nanpu Sub-basin. FD-secondary pores formed by feldspar
-aluminosilicate rock fragment.



Fig. 3. Plots illustrating the amount of feldspar-hosted porosity versus the amount of secondary minerals in the ST sandstones with MA-1
(A1, A2), the MF sandstones with MA-2, and the GL sandstones with MA-3 (C1, C2).
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of 1 cm, and the other twenty grids have widths of 10 cm
each (Fig. 4B). The fracture unit (5 m in length) is set in
the middle of the left side of the system, and the width of
the fracture is represented by the 1 cm grid. Kaolinite and
quartz were considered as secondary minerals associated
with the dissolution of K-feldspar and albite. The physical
parameters of the models were constrained by simplified
compositions of the sandstones in the Bohai Bay Basin
(Fig. 1), and the composition of each unit in these two sys-
tems was set to be initially homogeneous within the sand-
stone unit. Each grid in the sandstone unit consists of
20% K-feldspar, 20% albite, 34% quartz, 1% kaolinite,
and 25% porosity, while the grids in the fracture unit con-
sist of no minerals but have 100% porosity.

Different temperatures (25 �C, 65 �C, and 100 �C),
different flow rates (0.01 m/yr, 0.1 m/yr, 1 m/yr, 10 m/yr,
100 m/yr, 1000 m/yr), and CO2-charged fluids with differ-
ent compositions (Table 1) were utilized to investigate
the impact of these controlling factors on the transfer of
Al3+ and SiO2(aq) and the precipitation of kaolinite and
quartz. The composition of the fluids is listed in Table 1.
Initial pore water and inflowing fluid-1 with a low
concentration of SiO2(aq) and Al3+ were utilized for most
simulations. In some simulations, inflowing fluids with
various concentrations of Na+, SiO2(aq) and Al3+ were
utilized in some simulations to study the impact of
different ions on the water-rock interaction. As CO2 exists
commonly in subsurface sandstone reservoirs and can
Fig. 4. Schematic representation of two 2-D modeling systems, advectio
sandstone system; (B) heterogeneous sandstone system with a fracture p
promote the feldspar leaching reactions, different pCO2(g)
(0.11 bar, 0.61 bar and 2.81 bar) were used in simulations
with the three different temperatures (according to the
equation of log pCO2 = �1.45 + 0.019 * T) (Smith and
Ehrenberg, 1989).
4.2. Chemical reactions related to feldspar alternation

The dissolution of K-feldspar and albite) can be
expressed by the following equations, provided that no pre-
cipitation of secondary minerals occurs (Giles and De Boer,
1990; Zhu and Lu, 2009):

KAlSi3O8ðK-feldsparÞ þ 4Hþ

¼ 2H2OþKþ þAl3þ þ 3SiO2ðaqÞ ð1Þ
NaAlSi3O8ðalbiteÞ þ 4Hþ ¼ 2H2OþNaþ þAl3þ

þ 3SiO2ðaqÞ ð2Þ
Once concentrations of SiO2(aq) and Al3+ exceed the

concentrations needed for the saturation of secondary min-
erals (quartz, gibbsite, boehmite, kaolinite and illite), these
minerals can precipitate, assuming that no kinetic barrier
exists. Gibbsite and boehmite are generally formed at the
very early stage (usually less than 1 year) of feldspar disso-
lution experiments (Zhu and Lu, 2009). As the water-rock
interaction in subsurface sandstones lasts for a very long
time (millions of years), and gibbsite or boehmite were
n fluid flows from the left side to the right side. (A) Homogeneous
arallel to the long axis at the left side.



Fig. 5. Ten years’ evolution of mineral saturation and mineral reaction rates at the central part (X = 5.0 m, Y = 1.05 m) of the homogeneous
geochemical system.

Table 1
Compositions of different solutes (mol/L) of initial pore water and inflowing fluids utilized in the simulations (HCO3

� was balanced in
simulations).

Fluids Ions

Cl� Na+ K+ HCO3
� Al3+ SiO2(aq)

Initial pore water and inflowing fluid-1 0.5 0.5 1 � 10�5 1 � 10�5 1 � 10�8 1 � 10�8

Inflowing fluid-2 2.5 2.5 1 � 10�5 1 � 10�5 1 � 10�8 1 � 10�8

Inflowing fluid-3 0.5 0.5 1 � 10�5 1 � 10�5 5 � 10�8 1 � 10�3

Inflowing fluid-4 0.52 0.5 0.02 1 � 10�5 1 � 10�8 1 � 10�8
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not identified in our studied sandstones and most other sub-
surface sandstones (Wilkinson et al., 2001), the precipita-
tion of gibbsite and boehmite was not included in this
study. Feldspars and kaolinite in sandstones react to form
illite when temperature exceeds 125–130 �C (Chuhan
et al., 2001; Franks and Zwingmann, 2010; Lander and
Bonnell, 2010), and the occurrence of these complex reac-
tions were beyond range of the interest of this study.

Precipitation of quartz and kaolinite minerals can be
represented by:

SiO2ðaqÞ ¼ Quartz ð3Þ
Al3þ þ SiO2ðaqÞ þ 2:5H2O ¼ 0:5Al2Si2O5ðOHÞ4ðkaoliniteÞ þ 3Hþ

ð4Þ
Thus, the entire process of feldspar dissolution and pre-

cipitation of quartz and kaolinite can be represented by the
following equations (Giles and De Boer, 1990; Lanson
et al., 2002; Bauluz et al., 2008; Bjørlykke and Jahren,
2012):

KAlSi3O8ðK-feldsparÞ þ ð4� 6mÞHþ

¼ mAl2Si2O5ðOHÞ4ðkaoliniteÞ þ nSiO2ðquartzÞ
þKþ þ ð1� 2mÞAl3þ þ ð3� 2m� nÞSiO2ðaqÞ
þ ð2� 5mÞH2O ð5Þ
NaAlSi3O8ðalbiteÞ þ ð4� 6mÞHþ

¼ mAl2Si2O5ðOHÞ4ðkaoliniteÞ þ nSiO2ðquartzÞ
þNaþ þ ð1� 2mÞAl3þ þ ð3� 2m� nÞSiO2ðaqÞ
þ ð2� 5mÞH2O ð6Þ

where m and n are constants.
Assume complete precipitation of Al3+ and SiO2(aq),

the coefficients for Al3+ and SiO2(aq) on the right hand side
of Eqs. (5) and (6) are both zero, and the dissolution-
precipitation processes are re-written as:

KAlSi3O8ðK-feldsparÞ þHþ þ 0:5H2O

¼ 0:5Al2Si2O5ðOHÞ4ðkaoliniteÞ þ 2SiO2ðquartzÞ þKþ

ð7Þ
NaAlSi3O8ðalbiteÞ þHþ þ 0:5H2O

¼ 0:5Al2Si2O5ðOHÞ4ðkaoliniteÞ þ 2SiO2ðquartzÞ þNaþ

ð8Þ
With suitable conditions, in-situ replacement of K-

feldspars by albite occurs (Wilkinson et al., 2001), and this
process can be represented by:

KAlSi3O8ðK-feldsparÞ þNaþ

¼ NaAlSi3O8ðAlbiteÞ þKþ ð9Þ
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4.3. Kinetic data used in simulations

For kinetically controlled mineral reactions, the most
common way of modeling mineral dissolution and precipi-
tation rates is using rate equations derived from transition
state theory (TST) (Lasaga, 1984; Steefel and Lasaga,
1994; Xu et al., 2005; Hellevang et al., 2013):

rm ¼ kmAmanH
þ 1� Qm

Km

� �l� �����
����
m

¼ kmAmanH
þ 1� exp

DGm

RT

� �l� �����
����
m

ð10Þ

where m is the mineral index, rm is the reaction rate (mol/s,
positive values indicate dissolution and negative values pre-
cipitation), km is the rate constant (in mol/cm2 sec), Am is
the mineral’s surface area (cm2), aH

+ is the activity of H+,
and n is the empirical reaction order accounting for cataly-
sis by H+ in solution. Qm and Km are the activity product
and the equilibrium constant for the chemical reactions,
respectively. DGm is Gibbs free energy of the reaction. R
is the gas constant (8.31 J/[mol K]), and T is the absolute
temperature (K). The parameters l and t are two empirical
and dimensionless positive numbers.

If l and t are taken equal to unity, in a close to equilib-
rium region, the linear transition state theory rate law (L-
TST) equation leads to rates that are orders of magnitude
faster than the reaction rates obtained from experiments
or natural sandstones where fluid-water system is close to
equilibrium (Hellmann and Tisserand, 2006; Hellmann
et al., 2010). A parallel rate law formulation (PRL) can bet-
ter describe the mineral dissolution close-to-equilibrium
(Hellmann and Tisserand, 2006; Maher et al., 2009;
Hellmann et al., 2010). The vast majority of geochemical
codes (including the GWB Reaction Module) used to model
the water–rock interaction, however, employ kinetic rate
laws that incorporate an f(DG) parameter based on the
‘transition state theory’ (TST) (Hellmann et al., 2010).
Hellevang et al. (2013) suggest that second-order non-
linear functions derived from the TST with respect to chem-
ical affinity (l = 1, t = 2) can be used to describe mineral
reaction rates close-to-equilibrium (Hellevang et al.,
2013). In the far-from-equilibrium region, the rate of this
nonlinear function is similar to the data from the linear
function, while in the near equilibrium region, this nonlin-
ear function can generate a rate that is two to three orders
of magnitude slower than the linear function, which should
be much closer to the field rate. In this study, l and t were
set to 1 and 2, respectively.

The most commonly used km values for K-feldspar,
albite, quartz and kaolinite are those derived from labora-
tory experiments done at far-from-equilibrium conditions
at approximately 25 �C (Palandri and Kharaka, 2004).
The temperature dependence of the reaction rate constant
can be expressed reasonably well via the Arrhenius equa-
tion (Lasaga, 1984; Steefel and Lasaga, 1994), and it is con-
venient to approximate the rate constant dependency as a
function of temperature (Xu et al., 2005):

k ¼ k25 exp
�Ea
R

1

T
� 1

298:15

� �� �
ð11Þ
where Ea is the activation energy (kJ/mol), k25 is the rate
constant at 25 �C (mol/cm2/sec), R is the gas constant,
and T is the absolute temperature (K).

The parameters employed for the kinetic rate expression
of K-feldspar, albite, kaolinite and quartz are listed in
Table 2. The empirical reaction orders n with respect to
H+ in Eq. (10) are set to be 0.500, 0.457, 0.777, and 0 for
K-feldspar, albite, kaolinite, and quartz with an acid mech-
anism, respectively (Palandri and Kharaka, 2004). The
temperature-dependent kinetic rate constants are calculated
from Eq. (11). The evolution of the surface area in natural
geologic media is very complex (Steefel et al., 2015), espe-
cially for multi-mineralic systems, and is not quantitatively
understood at present (Xu et al., 2005). For this study, the
reactive surface areas of feldspars and quartz were taken
from Sonnenthal and Spyoher (2001), which were calcu-
lated assuming a cubic array of truncated spheres that make
up the framework of the rock (Table 2) (Sonnenthal and
Spyoher, 2001). Kaolinite has specific surface areas reach-
ing up to approximately 10 � 104 cm2/g (Yang and
Steefel, 2008). Following compaction and cementation in
sedimentary rocks, the valid grain surfaces will be reduced
and only surfaces open to pores are potential areas for min-
eral reactions. In this study, the reactive surface areas of
kaolinite in sandstones with 25% porosity were set at 25%
of the values of incompact sediments (Table 2).

Dissolution of quartz and kaolinite is negligible in the
studied sandstones (Cao et al., 2014; Yuan et al., 2015a,
2015b) and most other subsurface sandstones with temper-
ature lower than 120 �C (Glasmann, 1992; Hayes and
Boles, 1992; Milliken, 2003). The GWB Reaction Module
cannot resolve the mineral surface area for dissolution
and precipitation separately. To avoid dissolution of quartz
and kaolinite in the present simulations, the surface area of
these two minerals was set to zero. In order to simulate the
precipitation of both minerals, we used the GWB Reaction
Module to set descriptions of nucleation for both minerals.
Mineral crystal growth depends on the degree of supersat-
uration and temperature, and critical relative superstation
is needed for mineral nucleation to occur (Li et al., 2003).
With limited kinetic data on mineral nucleation and
because quartz and kaolinite were present in the initial sim-
ulated system, the critical supersaturation needed for nucle-
ation to occur was ignored in this study. With constraints of
volumes and specific surface area of quartz and kaolinite,
the surface areas for the precipitation of quartz and kaolin-
ite were substituted with nucleus of 40 cm2/cm3 and
600 cm2/cm3 respectively in the sandstone units (Table 2),
while in the fracture unit, the nuclei were set at 10 cm2/
cm3 and 150 cm2/cm3 with an inverse proportion to the
porosities in the two units.

4.4. Treatment of mass transport in simulated system

4.4.1. Hydrodynamic dispersion in porous sandstones

K+, Al3+ and SiO2(aq) released from leached feldspars
are mobile within the porous sandstones (Park, 2014).
Transport of these species in a porous medium by hydrody-
namic dispersion includes two fundamental processes,
namely, the molecular diffusion process and the mechanical
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dispersion process competing with or complementing diffu-
sion (Ovaysi and Piri, 2011; Park, 2014).

The GWB Transport Module combines these two pro-
cesses with a ‘‘Fickian” linear law. The hydrodynamic dis-
persive flux qD (mol/cm2/s) of a chemical component in
solution can be given as:

qD ¼ �uDH � dC
dX

ð12Þ

where qD is the dispersive flux, u is the porosity, DH is the
coefficient of hydrodynamic dispersion, and C is the com-
ponent’s concentration.

The coefficient of hydrodynamic dispersion (DH) is cal-
culated as (Roychoudhury, 2001):

DH ¼ D0 þ av ð13Þ
where D0 is the diffusion coefficient (cm2/s), a is the disper-
sivity (cm), and v is the average fluid velocity (cm/s).

4.4.1.1. Diffusion in porous sandstones. Diffusion in a porous
sediment system is slower than in an equivalent volume of
water due to the convoluted path the solutes must follow
to circumvent sediment particles (Boudreau, 1996). The
mass transport of a component by diffusion in sedimentary
rocks can be expressed by Fick’s law:

Mt ¼ �uD0 � h2 � dC
dX

ð14Þ

where Mt is the diffusion flux, D0 is the diffusion coefficient
of solutes in water (cm2/s), C is the component’s
concentration, and h2 is the tortuosity factor of the sedi-
mentary rock.

Tortuosity is generally a ratio of pore connectivity
length to sediment sample length, thus its value is always
greater than 1. In porous sedimentary rocks, the tortuosity
of the flow path is determined by porosity, permeability and
pore structure. Tortuosity can be expressed by Archie’s
equation (Archie, 1942) as:

h2 ¼ u1�g ð15Þ
where n is an adjustable exponent (Boudreau, 1996). The
empirically fit value of g reported by Boudreau (1996) is
2.14 ± 0.03 and, with an average value of 2.14, the tortuos-
ity of sandstone with 25% porosity is 4.86.

Diffusion of a solute is temperature dependent. Table 3
lists a compilation of individual diffusivities for some
solutes as functions of temperature (Li and Gregory,
1974; Boudreau, 1996; Park, 2014). Except for H+ and
OH�, the difference of diffusivities of the other solutes
(K+, Al(OH)3, Al3+, HCO3

�, SiO2(aq)) is generally less than
one order of magnitude. As the GWB Transport Module
cannot describe the diffusion coefficients of different solutes
separately, diffusivities of 1 � 10�5 cm2/s, 2 � 10�5 cm2/s,
and 3 � 10�5 cm2/s were utilized for these solutes in pure
water at 25 �C, 65 �C, and 100 �C, respectively. In sand-
stone with 25% porosity, the effective diffusivities are
approximately 2.0 � 10�6 cm2/s, 4.1 � 10�6 cm2/s, and
6.2 � 10�6 cm2/s, respectively.

4.4.1.2. Mechanical dispersion in porous sandstones.

Mechanical dispersion is the mechanical mixing of pore



Table 3
Species diffusivity (D � 10�5 cm2/s) properties of select solutes at different 0 �C, 25 �C, 65 �C and 100 �C.

Species H+ OH� K+ Al(OH)3 Al3+ HCO3
� SiO2 (aq) CO2(aq)

Tc 54.4 25.9 9.55 4.46 2.15 5.06 5 5.5
Tf 1.555 2.094 0.409 0.243 0.116 0.275 0.5 0.325
D0, 0 �C 5.61 2.56 0.986 0.446 0.236 0.506 0.5 0.55
D0, 25 �C 9.31 5.27 1.96 1.0535 0.559 1.18 1.75 1.3625
D0, 65 �C 16 9.7 3.6 2.0 0.969 2.3 3.8 2.7
D0, 100 �C 20.99 23.53 5.045 2.876 1.375 3.256 5.5 3.8

Temperature dependence is expressed by D0 = 1.0 � 10�6 (Tc + Tf � T) (cm2/sec). The equation and coefficients Tc and Tf that are obtained
by fitting the data to the linear equation, are from Boudreau (1996), Li and Gregory (1974) and Park (2014).
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fluids resulting from local velocity fluctuations produced
from the tortuous path followed by a pore fluid element
moving through the pore network (Giles, 1987). The coeffi-
cient of mechanical dispersion coefficient can be given as:

Dm ¼ av ð16Þ
where a is the dispersivity (cm), and v the average fluid
velocity (cm/s).

The effect of mechanical dispersion increases with
increasing water flow velocity. The relative significance of
molecular diffusion and mechanical dispersion (DH/D0) in
porous sedimentary rocks depends on the flow regime,
which can be characterized by the non-dimensional Peclet
number (Pe) (Bear, 1972):

Pe ¼ lv
D0

ð17Þ

where l is a characteristic medium length scale and D0 is dif-
fusion coefficient of a solute. When Pe is less than one,
molecular diffusion dominates, otherwise mechanical dis-
persion is more significant.

The characteristic pore length of a medium consisting of
particles with diameter d and porosity u is derived from
(Roychoudhury, 2001):

l ¼ u� d
1� u

ð18Þ

With a combination of Eqs. (17) and (18), Pe in a med-
ium consisting of particles with diameter d and porosity u
can be expressed by:

Pe ¼ u
dv

ð1� uÞD0

ð19Þ

With the relationship between DH/D0 and Pe (Ovaysi
and Piri, 2011), DH/D0 can be obtained and a can be calcu-
lated utilizing Eq. (16). Table 4 lists a compilation of Pe,
DH/D0, and a at different temperatures and flow rates in a
sandstone with 25% porosity and average grain size of
0.05 mm. Because aL (longitudinal dispersivity) and aT
(transverse dispersivity) are both needed in a 2-D transport
simulation, the calculated values of a presented in Table 4
were used for aL, and by default of GWB, aT was set to
be one-tenth of aL.

4.4.2. Advective flow

The mass transport of a component by advective flow in
porous rocks can be expressed by (Bjørlykke and Jahren,
2012):
qA ¼ qC ð20Þ
where qA is the advective flux of the species, q is the specific
discharge, and C is the component’s concentration.

4.5. Other constraints

(1) Boundary conditions

In the present simulations, the unreacted inflowing fluid
(Table 1) enters the system from the left side and the reacted
fluid leaves the system at the right side. The bottom and top
boundaries are no-flow boundaries. As fluid crosses the left
boundary, it carries mass into the system by advection.
Hydrodynamic dispersion and molecular diffusion may also
add or remove mass from the system, in response to differ-
ences in compositions between the inflowing fluid and the
fluid within the system. Where fluid exits the system, the
fluid composition is fixed at the composition of fluid within
the grids along the right boundary, and here chemical mass
is advected from the system.

(2) Porosity evolution and permeability correlation

In both two simulated systems where minerals dissolve
and precipitate, the program tracks the porosity evolution
based on the net change in mineral volume.

The evolving porosity affects the calculated perme-
ability and hence the flow rate and pattern within the
system. The GWB Transport Module uses the following
empirical correlation to calculate the permeability of the
porous medium from the porosity and the mineral
content:

logK ¼ Auþ Bþ
X

AmXm ð21Þ
where K is the permeability in darcy, u is the porosity, A, B
and Am are empirical constants, and Xm is the volume frac-
tion of a mineral indexed by m.

Clays have significant impact on sandstone permeability.
In this study, the simulations modeled the physical and
chemical occurrences for ten years, and only a small volume
of kaolinite (generally <0.5%) was generated (Figs. 6–9).
This has little impact on permeability (Giles and De Boer,
1990). Thus, no mineral was considered for a correlation
with the permeability. By default, the values for A and B

in Eq. (17) were set to 15 and �5, respectively. The correla-
tion, then, is



Table 4
Diffusion coefficient (D0), Pe, DH/D0, and dispersivity (a) in homogeneous sandstones with different temperatures and flow rates.

Temperature (�C) Flow rate, m/yr Porosity, % Grain size, cm D0, 1 � 10�5 cm2/s Pe DH/D0 a, cm

25 0.01 25 0.05 1 0.000053 0.4 61.212
0.1 25 0.05 1 0.000528 0.4 6.121
1 25 0.05 1 0.005285 0.4 0.612
10 25 0.05 1 0.052849 0.4 0.061
100 25 0.05 1 0.528496 0.5 0.009
1000 25 0.05 1 5.284965 2.5 0.002

65 0.01 25 0.05 2 0.0000264 0.4 122.425
0.1 25 0.05 2 0.000264 0.4 12.242
1 25 0.05 2 0.002642 0.4 1.224
10 25 0.05 2 0.026425 0.4 0.122
100 25 0.05 2 0.264248 0.4 0.012
1000 25 0.05 2 2.642483 1.9 0.011

100 0.01 25 0.05 3 0.000017 0.4 183.636
0.1 25 0.05 3 0.000176 0.4 18.363
1 25 0.05 3 0.001762 0.4 1.836
10 25 0.05 3 0.017616 0.4 0.183
100 25 0.05 3 0.176165 0.4 0.018
1000 25 0.05 3 1.7616551 1.4 0.011
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logK ¼ 15u� 5 ð22Þ
which describes a trend that has been observed in sand-
stones. For simulations lasting for thousands to millions
of years, however, the impact of secondary clay minerals
on permeability should be considered.

(3) Flow rate

At any point of the simulation, the flow rate is given by
Darcy’s law

q ¼ KDh
lL

ð23Þ

where q is the rate of discharge (cm3/cm2/s or cm/s), K is
the average permeability (darcys), l is the viscosity (cp),
Dh is the drop in hydraulic potential across the simulated
system (atm), and L is the length of the simulated system
(cm). As the permeability may change with position, the
GWB Transport Module solves for q using a finite differ-
ence technique. The viscosity is estimated from the fluid’s
temperature and chlorinity.

(4) Length of time step

The dispersive transport is solved by the forward-in-time
method in the GWB Transport Module, and the length of a
time step (Dt) is limited by the von Neumann criterion

2Dxx

Dx2
þ 2Dyy

Dy2

� �
� Dt 6 1 ð24Þ

where Dx is the grid spacing in the X-direction, Dxx is the
dispersion in the X-direction, Dy is the grid spacing in the
Y-direction, and Dyy is the dispersion in the Y-direction.
If the marching procedure takes too long of a time step,
the solution becomes numerically unstable. By this crite-
rion, the maximum time step in a simulation decreases
quadratically with the grid spacing.
Similarly, the Courant condition

jvj
Dx

þ jvj
Dy

� �
� Dt 6 1 ð25Þ

where v is the fluid velocity, must be honored when solving
for the advective transport by the forward-in-time,
upstream weighted method. By this criterion, fluid may
move no farther in the system than the length of a grid
block.

Since the GWB Transport Module solves for dispersion
and advection at the same time, it figures the limiting value
for a time step according to the combined von Neumann
and Courant stability conditions, according to

jvxj
Dx

þ jvy j
Dy

þ 2Dxx

Dx2
þ 2Dyy

Dy2
þ 4Dxy
DxDy

� �
� Dt 6 1 ð26Þ

The GWB evaluates this equation for Dt at each grid
and uses the minimum value as the limiting time step.

5. MODELING RESULTS

Tens of simulations were conducted for this study. The
results suggested that the mineral saturation state, the con-
centration of SiO2(aq) and Al3+, and the mineral reaction
rates reached a steady state after a specific time (commonly
<1–5 years) (Fig. 5). The simulation results for the tenth
year are shown in the following figures (Figs. 5–15 and
A1–A12).

5.1. Mineral saturation and zonation of geochemical system

With suitable conditions, the homogeneous geochemical
system can be divided into three zones from upstream to
downstream as the dissolution zone (Zone-1), the transi-
tional zone (Zone-2), and the precipitation zone (Zone-3),
respectively, according to the saturation indices of the four
minerals (Fig. 6A and B). In the dissolution zone, the satu-
ration indices of K-feldspar, albite, quartz, and kaolinite



Fig. 6. Zonation of modeling system at the 10th year of the simulation in the homogeneous system with temperature of 25 �C and flow rate of
10 m/yr. (A) 2-D plots showing the saturation evolution of kaolinite and quartz in the system from upstream side to downstream side at the
10th year. (B) 1-D plots showing the saturation evolution of kaolinite, quartz, albite and K-feldspar in the middle part of the system
(Y = 1.05 m, same for all other 1-D plots) from upstream side to downstream side at the 10th year. (C) The amount of leached feldspars and
porosity enhancement in different zones in the whole 10th year, the same with other figures. (D) The amount of leached K-feldspar and albite
and precipitated kaolinite and quartz in different zones in the whole 10th year, the positive values represent dissolution and negative values
represent precipitation, the same with other figures. Detailed constraints of this simulation are given in Fig. 7. Zone-1: dissolution zone; Zone-
2: transitional zone; Zone-3: precipitation zone.

Fig. 7. Results of simulations at 25 �C with the same reaction rate and inflowing fluid but different fluid flow rates of 0.1 m/yr and 10 m/yr.
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Fig. 8. Results of simulations at 65 �C with the same reaction rate and inflowing fluid but different fluid flow rates of 0.1 m/yr and 100 m/yr.
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are less than 1; in the transitional zone, the saturation index
of kaolinite is higher than 1, while the other three indices
are less than 1; in the precipitation zone, the saturation
indices of both quartz and kaolinite are higher than 1 while
the values for K-feldspar and albite are still less than 1.
Although pore water in the whole system is undersaturated
with respect to feldspars, the feldspar saturation index
increases from upstream to downstream
(Figs. 8D and 9D). In the homogeneous system, the lengths
of the three zones vary for the simulations with different
constraints (Figs. 7–9). In the system with a fracture, the
mineral saturation index in the fracture unit is generally
much lower than that in the sandstone unit (Figs. 15B4,
B5 and A12).

5.2. SiO2(aq) and Al3+ in fluids

After ten years’ reaction, the concentration of SiO2(aq)
is lower on the upstream (left) side of the system than on
the downstream side (Figs. 7A, 8A, and 9A), while the con-
centration of Al3+ exhibits opposite variation trends with
the SiO2(aq). The concentration of SiO2(aq) in the system
shows a negative correlation to the fluid flow rates
(Figs. 7A, 8A, and 9A), meanwhile, it took positive correla-
tion between temperature (Fig. 11A), mineral reaction rate
constant (Fig. 12A), and inflowing concentration of SiO2(-
aq) (Fig. 13A). The concentrations of various solutes are
lower in the fracture unit than in the sandstone unit
(Figs. 15B2, B3 and A12B).

5.3. Mineral reaction rates

At the tenth year, the feldspar dissolution rates exhibit a
sharp decrease from the dissolution zone to the transitional
zone and a gentle decrease from the transitional zone to the
precipitation zone (Figs. 7E, 8E, and 9E), with the increase
of the saturation index (Figs. 7D, 8D, and 9D) and pH
(Figs. 7B, 8B, and 9B) oriented from the upstream to the
downstream side of the system (Alekseyev et al., 1997; Fu
et al., 2009; Kampman et al., 2009; Zhu et al., 2010). In
the dissolution zone, the precipitation rates of kaolinite
and quartz are zero, while in the transitional and precipita-
tion zones, the precipitation rates of these two minerals
(Figs. 7H, 8H, and 9H) evolve with the mineral saturation
indices (Figs. 7G, 8G, and 9G).

5.4. Reacted minerals and enhanced porosity

The Enhanced porosity is expressed as the volume differ-
ence between leached feldspars and precipitated secondary



Fig. 9. Results of simulations at 100 �C with the same reaction rate and inflowing fluid but different fluid flow rates of 0.1 m/yr and 100 m/yr.

Fig. 10. (A) Log values of equilibrium constants of reverse reactions of reaction-3 represented by Eq. (3) and reaction-4 represented by Eq.
(4). (B) Concentrations of SiO2(aq) and Al3+ needed for saturation of quartz and kaolinite at different temperature, based on GWB
calculation. Point-P represents a fluid that is oversaturated with respect to both quartz and kaolinite, Point-T represents a fluid that is
undersaturated with respect to quartz but oversaturated to kaolinite, and Point-D represents a fluid that is undersaturated with respect to both
quartz and kaolinite.
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minerals (Giles and De Boer, 1990). After the reactions in
the simulated system reach steady state, the amount of lea-
ched feldspars decreases sharply from the dissolution zone
to the precipitation zone for each unit of time
(Figs. 7F, 8F, and 9F). In the dissolution zone, the feld-
spars are dissolved with no precipitation of secondary min-
erals (MA-3), and the enhanced porosity in the dissolution
zone is equivalent to the volume of leached feldspars. In the
transitional zone, feldspars are dissolved with the precipita-
tion of kaolinite but no quartz. The amount of precipitated
kaolinite increases as the saturation index increases, but is
less than the amount calculated from reaction-7 and



Fig. 11. Results of simulations at 65 �C and 100 �C with the same reaction rate, fluid flow rate and inflowing fluid.
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reaction-8 (MA-2). While in the precipitation zone, feld-
spars are dissolved with the precipitation of both kaolinite
and quartz, and the amount of these secondary minerals
may reach up to the amount calculated from reaction-7
and reaction-8 (MA-1) (Figs. 6C, 7I, 8I, and 9I). In the
transitional zone and the precipitation zone, the enhanced
porosity is smaller than the volume of leached feldspars
(Figs. 6D, 7C, 8C, and 9C).

6. DISCUSSION

6.1. Formation of transitional zone with kaolinite but no

quartz

The MA-2 assemblage consisting of extensively leached
feldspar with large amounts of authigenic kaolinite and
minor authigenic quartz cement is common in natural sand-
stones (Bjørlykke and Jahren, 2012; Yuan, 2015). In numer-
ical simulations, the transitional zone is also characterized
by leaching of feldspars, and precipitation of kaolinite but
not of quartz (Fig. 6). Leached feldspars with large
amounts of quartz cements and little kaolinite can rarely
be identified in natural sandstones (Hayes and Boles,
1992; Bauluz et al., 2008; Bjørlykke and Jahren, 2012;
Yuan et al., 2015a) or in numerical simulations (Ketzer
et al., 2009; Farquhar et al., 2015).

In order to interpret this phenomenon, the equilibrium
constants of the leaching reactions of quartz and kaolinite
(Fig. 10A) and the concentrations of SiO2(aq) and Al3+

needed for the saturation of quartz and kaolinite (Fig. 10B)
were calculated. The results show that the concentration of
SiO2(aq) needed for kaolinite saturation is general lower
than that for quartz, particularly at high temperature,
and the concentration of Al3+ needed for the kaolinite sat-
uration is extremely low (Fig. 10). As temperature
increases, the equilibrium constant of the quartz-leaching
reaction increases, while the equilibrium constant of the
kaolinite-leaching reaction decreases sharply. Consistent
with these equilibrium constants, the concentration of
SiO2(aq) required for the quartz saturation increase as the
temperature increases, but the concentrations of SiO2(aq)
and Al3+ needed for the kaolinite saturation decrease.
These constraints indicate that in a geochemical system
with feldspar dissolution as a dominate source of SiO2(aq)
and Al3+, (1) a fluid (eg. point-D in Fig. 10B) undersatu-
rated with kaolinite probably is undersaturated with
quartz, and this will lead to the formation of the dissolution
zone; (2) a fluid (eg. point-P in Fig. 10B) oversaturated with



Fig. 12. Results of simulations at 100 �C with the same inflowing fluid and flow rate but different reaction rates.
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quartz will probably also be oversaturated with kaolinite,
and this will lead to the formation of the precipitation zone;
and (3) a fluid (eg. point-T in Fig. 10B) undersaturated with
quartz may be oversaturated with kaolinite, and this can
lead to the formation of the transitional zone with precipi-
tation of only kaolinite.

6.2. Controlling factors on distribution of three zones

6.2.1. Temperature and mineral reaction rate

A comparison of the simulation results with the same
flow rate and inflowing fluid but different temperatures
shows that the proportion of the dissolution zone in the
simulated system tends to decrease as the temperature
increases, while the precipitation zone tends to increase
(Fig. 11).

The temperature affects the proportion of different zones
in the simulated system by its impact on the mineral reac-
tion rate constant (Giles, 1987; Thyne, 2001; Xu et al.,
2005), the equilibrium constants of the chemical reactions,
and the hydrodynamic dispersion. From 25 �C to 100 �C,
the feldspar dissolution rate increases 50–200 times
(Table 2), leading to a rapid release rate of SiO2(aq) and
Al3+ from the leached feldspars to the pore fluids in the
geochemical system. From 25 �C to 100 �C, the concentra-
tion of SiO2(aq) required for the saturation of quartz
increases from 5 mg/L to 65 mg/L due to the increase of
the equilibrium constant of reaction-3, and the concentra-
tion of SiO2(aq) and Al3+ needed for the saturation of
kaolinite decreases markedly from 8 mg/L to 1.5 mg/L
and from 3.5 mg/L to 0.42 mg/L, respectively (Fig. 10B).
The diffusion of a solute is temperature-dependent; how-
ever, Table 3 shows that the values of diffusivities of various
solutes at 100 �C are less than four times the values at 25 �
C. These variations induced by temperature indicate that
the rate of increase in concentration needed for the satura-
tion of quartz is much lower than the rate of increase in the
releasing rate of the solutes from leached feldspars, which
probably resulted in the changing proportion of different
zones in the simulated systems.

Though a non-linear TST function was used to obtain
mineral reaction rates close to the rates in natural sand-
stones, there is still uncertainty on the mineral rate con-
stants. A comparison of the simulation results using the
same temperature, inflowing fluid, and flow rate but differ-
ent mineral reaction rate constants shows that the length of
the dissolution zone in the simulated system tends to
increase as the mineral reaction rate constant decreases,



Fig. 13. Results of simulations at 100 �C with the same reaction rate and fluid flow rate but inflowing fluids of different concentration of
SiO2(aq) and Al3+.
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while the precipitation zone tends to decrease (Fig. 12). For
example, if the mineral reactions occurred at the rate con-
stants listed in Table 2, a flow rate of 10 m/yr would form
a 0 m dissolution zone, a 0.3 m transitional zone and a
9.7 m precipitation zone. If the reaction rate constants
decrease by two orders of magnitude, a flow rate of 10 m/
yr would form a 0.8 m dissolution zone, a 9.2 m transitional
zone and a 0 m precipitation zone. This indicates that, if the
mineral reaction rates in the field were slower than the rates
used in the present study (Table 2), the possibility of MA-2
assemblage and MA-3 assemblage occurring in moderately-
deeply buried sediments with high temperature and low
flow rates will increase.

6.2.2. Inflowing fluid flow rate

The lengths of the dissolution zones and the transitional
zones increase as the inflowing flow rates increase in simu-
lations with the same temperature, inflowing fluid and reac-
tion rate constant (Figs. 7D, G, 8D, G and 9D, G),
particularly for simulations with low temperatures or low
reaction rate constants (Fig. 7D and G).

The flow rate affects the proportion of the different zones
in the simulated system through the advective transfer of
dissolved solutes from upstream to downstream (Giles,
1987; Stoessell, 1987). For simulations with low flow rates
(e.g. <0.1 m/yr at 65 �C) and when diffusion dominates
the transfer of SiO2(aq) and Al3+ (Giles, 1987; Ovaysi
and Piri, 2011), a timely removal of these solutes from
zones with extensively leached feldspars cannot occur, lead-
ing to in-situ precipitation of quartz and kaolinite and little
enhanced secondary porosity in the whole simulated system
(Figs. 7, 8 and A3). For simulations with high flow rates
(eg. 1000 m/yr at 65 �C) and when advective flow dominates
the transfer of SiO2(aq) and Al3+ and allows the timely
removal of these solutes from the whole system (Giles,
1987; Ovaysi and Piri, 2011), the precipitation of quartz
and kaolinite is inconsequential and a significantly
enhanced secondary porosity occurs, with the MA-3 assem-
blage formed in the simulated system.

6.2.3. Composition of inflowing fluid

The composition of inflowing fluids affects the propor-
tion of different zones in the simulated system by its impact
on saturation of different minerals. A comparison between
simulations with different inflowing fluids demonstrates
that if the inflowing fluid is saturated (or supersaturated)
with quartz, no dissolution zone or transitional zone can
be formed, even when the flow rate approach hundreds to



Fig. 14. The 10th year results of simulations at 100 �C with the same reaction rate and fluid flow rate but inflowing fluids of different Na+

concentration.
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thousands of meters per year (Fig. 13). This indicates that
the occurrence of the MA-2 assemblage and the MA-3
assemblage probably arose in the presence of a large vol-
ume of meteoric freshwater flux.

The concentration of Na+ or K+ has a significant impact
on the leaching reactions of albite and K-feldspar. An
increase in the concentration of Na+ (or K+) tends to retard
the dissolution of albite (or K-feldspar) (Figs. 14 and A11).
This is consistent with the phenomena of a weak dissolution
of albite (or K-feldspar) in sandstones with pore water con-
taining a high concentration of sodium (or potassium)
(Wilkinson et al., 2001). A high Na+ concentration also
affects the types of secondary minerals as potassium in K-
feldspar can be directly replaced by sodium to form albite
(Eq. (9)), and a smaller amount of kaolinite will be formed
in such a case (Fig. 14H).

6.2.4. Fracture

A comparison between simulations in systems with and
without a fracture demonstrates that the fracture can affect
mass transfer and mineral precipitation in at least three
manners (Figs. 15 and A12). First, the existence of a frac-
ture can accelerate the flow rate in the fracture unit
(Fig. 15B1), leading to relative lower concentration of
solutes and lower saturation state of all four minerals in
the fracture unit than in the sandstone unit, and no kaolin-
ite or quartz were formed in the fracture unit (Figs. 15A4–
A5, B4–B5 and A12D, E); second, the fracture decelerates
the flow rate of the fluid in sandstones along the fracture
(Figs. 15B1 and A12A), leading to a higher concentration
of SiO2(aq) and the formation of precipitation zones or a
transitional zones in such sandstones (Fig. 15A4 and B4);
third, the fracture accelerates the flow rate of the fluid
expelled from the end of fracture unit into the adjacent
sandstone units (Fig. 15B1), leading to a lower concentra-
tion of SiO2(aq) and lower saturation state of quartz and
kaolinite in the adjacent sandstones (Figs. 15B2, B3 and
A12A), and contributing to the formation of a dissolution
zone or a transitional zone in the sandstones closing to
the end of the fracture unit (Fig. 15B4 and B5). Thus, with
widely developed faults and fractures that serve as conduits
of meteoric freshwater (Giles, 1987), the possibility that
MA-2 and MA-3 assemblages occur in the subsurface sand-
stones will increase.

6.3. Comparison between modeling results and observations

of natural diagenesis

Increased temperatures dramatically increase the min-
eral reaction rate constant (Table 2) and suggest that faster



Fig. 15. Results of simulations at 100 �C, with the same reaction rate, inflowing fluid and flow rate. Plots A1–A5 were results in the
homogeneous modeling system without fracture, and plots B1–B5 were results in the modeling system with a fracture at the left side of the
system. Values of different parameters at positions of black dashed lines in these two simulated systems were presented in Appendix Fig. 11.
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flow rates are needed to avoid precipitation of secondary
minerals in the subsurface sandstones at higher tempera-
tures, particularly for kaolinite. Fig. 16 displays the maxi-
mum flow rates required for the precipitation of quartz
and kaolinite in the whole sandstone system and the mini-
mum flow rates required for avoiding the precipitation of
secondary minerals in the whole sandstone system at differ-
ent temperatures (depth), with reaction rate constants con-
strained by values in Table 2 and with a temperature
gradient of approximately 3 �C/100 m (Bjørlykke, 2010;
Guo et al., 2012; Yuan et al., 2015a). Rough groundwater
flow rates in sedimentary rocks compiled by Giles (1987)
show that flow rates in shallow unconfined aquifers with
low temperature can reach up to thousands of meters per
year, and the flow rates in confined aquifers were reported
to range from 1 m to 30 m. When burial depth exceeds
2000 m, where the temperature is approximately 80 �C,
the flow rates are probably lower than 1 m/yr without the
existence of preferable conduits such as faults and fractures.
Such flow rates at different depths (temperatures) were
compiled in Fig. 16 to compare with the flow rates required
for the development of the dissolution zone with MA-1
assemblage, the transitional zone with MA-2 assemblage
and the precipitation zone with MA-3 assemblage.

MA-1 assemblage (extensively leached feldspars with a
large amount of authigenic kaolinite and quartz cements),
according to Fig. 16, probably occurs in sandstones with
great depth (>1500 m), high temperature (>70–80 �C) and
low flow rate. Thin sections show that only the precipita-
tion zone with MA-1 (Fig. 2A1 and A2) was identified in
these ST sandstones, while no dissolution zone with MA-
3 and no transitional zone with MA-2 were formed. These
physicochemical occurrences in the ST sandstone geochem-
ical system are consistent with the results of simulations
with high temperatures, high ion concentrations and low
fluid flow rates (Figs. 9, 13, A7 and A8). With constraints
of petrography, fault systems, pore water chemistry,
homogenization temperature of aqueous fluid inclusions
in quartz overgrowths and d18O compositions of quartz
overgrowths, the feldspar dissolution and the precipitation
of quartz and kaolinite in the ST sandstones were also sug-
gested to occur in a moderately-deeply buried ‘closed’ sand-
stone system with high water salinity, high temperatures
ranging from 80 �C to 120 �C, and without an impact of



Fig. 16. Temperature and flow rate sensitivity to transfer of SiO2(aq) and Al3+ and secondary mineral precipitation. The maximum flow rate
needed for precipitation of quartz and kaolinite in the whole sandstone system and the minimum flow rate needed for no precipitation of
secondary minerals in the sandstone system were determined through simulations with reaction rates constrained by values in Table 2. The
approximate range of flow rates in sandstones of sedimentary basin were modified from Giles (1987). Simulations indicate that in a
sedimentary basin without widely developed faults and fractures, MA-3, MA-2, and MA-1 probably occur in shallow, moderately, and deeply
buried sandstone systems, respectively.
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meteoric freshwater. The flow rates of pore water in such a
system were likely slower than 0.1–1 m/yr (Giles, 1987) as
few fault was identified to connect such a system with regio-
nal unconformity or the earth’s surface (Yuan, 2015; Yuan
et al., 2015a).

MA-2 assemblage (extensively leached feldspars with
large amount of authigenic kaolinite and minor quartz
cement), according to Fig. 16, may occur in subsurface
sandstones at moderate temperature (40–70 �C), in shallow
sandstones where meteoric freshwater is limited, or in dee-
ply buried sandstones with some faults serving as freshwa-
ter conduits. Glasmann (1992) reported that feldspar
dissolution was accompanied by the precipitation of mas-
sive kaolinite but minor quartz cement (MA-2) in Brent
Group sandstones of the North Sea, with a burial depth
from 1000 m to 2000 m and temperatures ranging from 40
to 80 �C (Glasmann, 1992). Similarly, in many other sand-
stones with large amounts of feldspars, homogeneous tem-
perature of aqueous fluid inclusions in authigenic quartz
suggested the precipitation of quartz cements when temper-
atures exceeded 80–90 �C (Higgs et al., 2007; Guo et al.,
2012; Yuan et al., 2013, 2015a). However, isotopic data
of authigenic kaolinite in these sandstones suggested that
the precipitation of kaolinite started in a relatively shallow
burial diagenetic stage with low temperatures (40–50 �C),
and generally in the presence of meteoric water (Bird and
Chivas, 1988; Longstaffe and Ayalon, 1990; Bjørlykke
and Jahren, 2012).

MA-3 assemblage (extensively leached feldspars with
small amount of authigenic kaolinite and quartz cement),
according to Fig. 16, probably occurs in shallow sandstones
at low temperatures (<40–50 �C) and high flow rates (Giles,
1987) or in moderately-deeply buried sandstones where
faults develop and meteoric freshwater is available (Yuan,
2015; Yuan et al., 2015a). Hayes and Boles (1992) reported
a typical example of MA-3 assemblage (1–3% feldspar
porosity with only 0.1–0.2% kaolinite in thin sections) in
meteoric-zone Vedder sandstones with temperature of 30–
50 �C (Hayes and Boles, 1992), and suggested that the feld-
spars were dissolved by fresh meteoric water at shallower
depth. These physicochemical occurrences in the Vedder
sandstones are consistent with the results of simulations
with low temperature, high flow rates, and low concentra-
tions of SiO2(aq) and Al3+ (Fig. A2).

Thin sections showed that the MA-3 assemblage
(Fig. 2C) developed in most GL sandstone samples, the
MA-2 developed in few sandstone samples, and the MA-1
could not be identified in the GL sandstones, these physic-
ochemical occurrences in the GL sandstones are consistent
with the results of simulations with high temperatures, low
ion concentrations, high flow rates and fractures. With con-
straints of petrography, fault system, pore water chemistry,
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and homogenization temperature of aqueous fluid inclu-
sions in quartz overgrowths, the feldspar dissolution and
the precipitation of kaolinite and quartz were also sug-
gested to occur in an open sandstone system with low water
salinity, temperatures ranging mainly from 90 �C to 115 �C,
and significant impact of meteoric freshwater. The flow
rates of the pore water in such a system were likely to be
greater than 10 m/yr (Giles, 1987), as widely developed
faults were identified to connect such a system with regional
unconformity and the earth’s surface (Yuan et al., 2015a).

6.4. Implication and significance

This work has shown that various assemblages of lea-
ched feldspars, authigenic kaolinite and quartz cements in
subsurface sandstones can be explained by the influx of
CO2-charged fluids into geochemical systems with different
temperatures, fluid flow rates, pore water chemistry and
fractures. Comparisons between the modeling results with
the field examples suggested that the favorable geological
conditions proposed for occurrence of the different diage-
netic mineral assemblages is of great significance for under-
standing the diagenetic environments where the feldspar
dissolution and secondary mineral precipitation have
occurred (Giles, 1987; Chuhan et al., 2001; Bjørlykke and
Jahren, 2012; Yuan et al., 2015a, 2015b). Thus, identifica-
tion of these minerals assemblages in subsurface sandstones
can be easily employed to study the possible evolution of
diagenetic environments in the subsurface sandstones.

With kinetic data and a simulated model close to that of
a natural sandstone, this study indicates that accurate pre-
diction of feldspar-hosted secondary pores and relevant
chemical reactions in the subsurface sandstones is possible
to be obtained using the reactive transport simulation,
which can benefit the prediction of reservoir quality of sub-
surface feldspar-rich sandstones.

7. CONCLUSIONS

(1) Three types of diagenetic mineral assemblages rele-
vant to feldspar diagenesis can be identified in sub-
surface sandstones: extensively leached feldspars
with large amounts of authigenic kaolinite and
quartz cements (MA-1), extensively leached feldspars
with large amounts of authigenic kaolinite and few
quartz cement (MA-2), and extensively leached feld-
spars with slight amounts of authigenic kaolinite
and quartz cement (MA-3).

(2) Flow rates have a significant impact on the integrated
feldspar dissolution – mass transfer – secondary min-
eral precipitation processes. Dominated by hydrody-
namic transfer in a system with a low flow rate,
SiO2(aq) and Al3+ released from leached feldspars
cannot be removed from the dissolution zone, leading
to in-situ precipitation of kaolinite and quartz. How-
ever, in a system with moderately-high flow rate,
these solutes can be removed in a timely manner,
leading to the development of the dissolution zone
and the transitional zone.
(3) Temperature affects the integrated feldspar dissolu-
tion – mass transfer – secondary mineral precipita-
tion processes through its impact on the mineral
reaction rates, the equilibrium constants of chemical
reactions, and the hydrodynamic dispersion.

(4) The higher concentration of SiO2(aq) needed for the
saturation of quartz (than for kaolinite) and the
extremely low concentration of Al3+ needed for
kaolinite saturation lead to precipitation of kaolinite
but not of quartz in the transitional zone.

(5) The MA-1 assemblage tends to occur in moderately-
deeply buried sandstones with high temperatures,
low flow rates, few faults and little impact of mete-
oric freshwater; the MA-2 assemblage tends to
occur in sandstones with moderate temperatures or
deeply buried sandstones with widely developed
faults acting as conduits of meteoric freshwater;
the MA-3 assemblage tends to occur in shallow
sandstones with low temperatures and high flow
rates or moderately-deeply buried sandstones with
widely developed faults acting as conduits of mete-
oric freshwater.
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