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a b s t r a c t

Berthierine formation reduces the permeability of the glauconitic reservoir sandstones in the Siri oilfield
(Danish North Sea), and is therefore a considerable production factor. A new hydrogeochemical batch
model that is based on thermodynamics of chemical equilibriumwas developed to identify the processes
which activated and controlled berthierine formation. A good match has been achieved between the
mineralogical alteration features observed in the Siri field and the results of the batch modeling. This
match points to the validity of the modeling mechanisms for berthierine formation. Based on the
identified mechanisms, the modeling enables to quantify the mass conversion of hydrogeochemical
processes in glauconite-bearing and berthierine-forming watererockegas systems. The modeling results
reveal that intense berthierine formation in the Siri field resulted from in situ glauconite alteration within
a more or less closed system due to hydrocarbon degradation-driven watererockegas interactions. This
process is accompanied by formation of secondary SiO2(s) and potassium mica. Precipitation of iron-
bearing carbonates is prevented by berthierine formation, although the glauconitic sandstones are rich
in iron and carbonate species. Moreover, such systems are brought to disequilibrium by the release of
reducing and acidic agents originating from oil degradation, and undergo long-term, diffusion-domi-
nated mass fluxes instead of advective mass fluxes.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction and aim

Berthierine ((Fe2þ,Mg,Al)2e3(Si,Al)2O5(OH)4), a dark green to
brown mineral (Hornibrook and Longstaffe, 1996), commonly oc-
curs in marine sediments (Iijima and Matsumoto, 1982), but also in
many other environments: in fresh- and brackish-water sediments
(Hornibrook and Longstaffe, 1996), in Canadian Arctic desert soils
(Kodama and Foscolos, 1981), in coal measures (Iijima and
Matsumoto, 1982), in oil sands (Hornibrook and Longstaffe, 1996),
and in low-temperature metamorphic and hydrothermally altered
rocks (Xu and Veblen, 1996). It is a trioctahedral 1:1 layered silicate
having a basal spacing of 7 Å and shows a pleochroic appearance
(Brindley, 1982; Bhattacharyya, 1983; Rivas-Sanchez et al., 2006).
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Berthierine is a mixture of ferrous iron- and magnesium-end
members of the serpentine group. Conventional X-ray diffraction
(XRD) is limited to differentiating berthierine from other minerals
belonging to the chloriteeserpentine group (e.g., Fe-rich chlorite or
odinite), because berthierine shares many identical XRD lines with
such minerals due to chemically and structurally similarities (Odin,
1990; Rivas-Sanchez et al., 2006). Berthierine formation necessi-
tates reducing conditions in combination with corresponding pH
levels and a reasonable chemical composition of aqueous solutions
(Bhattacharyya, 1983; Fritz and Toth, 1997). Experimental studies
indicate that berthierine formation is restricted to reducing con-
ditions (Sheldon and Retallack, 2002). Newly formed berthierine is
unstable in the presence of molecular oxygen, and, subsequently,
can be transformed into other minerals depending on the prevail-
ing pH-EH conditions (Rivard et al., 2013).

The Siri oilfield is located in the Danish North Sea and is a part of
the Siri Canyon (Ohm et al., 2006). The present temper-
atureepressure reservoir conditions of the Siri field are 78 �C and
230 atm (Nice et al., 2000). The investigations performed by
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Table 1
Diagenetic features of the Siri oilfield.a

Primary
particles

Diagenetic features

Dissolution Transformation Formation

Quartz xb overgrowth or fine
crystals

Glauconite x x to micac

K-feldspar x x
Albite x x
Muscovite x fine crystals
Berthierine fine crystals or

coating
Kaolinite booklets
Siderite x fine crystals
Calcite crystals or cement
Pyrite fine crystals

Blanks indicate that the corresponding features were not observed.
a Compare Figure 1.
b Corresponding diagenetic features were observed.
c Via dissolution of glauconite and precipitation of mica.
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Stokkendal et al. (2009) and Fu (2014) provided an overview about
the reservoir rocks and gave a first insight into the diagenetic
processes of the Siri field. Stokkendal et al. (2009) suggested that
one of the most important diagenetic processes observed in the Siri
field is berthierine formation as a result of the water-wet reservoir
rocks in an open system. This open system was considered to be
exposed to an advective, long-lasting fluid flow, which steadily
delivered aqueous species (e.g., Fe2þ/3þ, Mg2þ, H4SiO4, and
Al(OH)xþ3�x derived from external sources) and admixed them in
appropriate stoichiometric ratios for berthierine formation. In
general, the total concentrations of these aqueous species (ctoti(aq)
for aqueous species i) are controlled by solubility equilibria, and
commonly remain at very low levels in aqueous solutions under
moderate pH-EH conditions (e.g., ctotAl3þ(aq) of
6.9 � 10�7 mol kgw�1 in a 1.0 molal NaCl solution in equilibrium
with gibbsite at 78 �C and 230 atm calculated by using the com-
puter code PhreeqcI; Parkhurst and Appelo, 2013). Thus, it seems
impossible that externally sourced components could cause the
mass conversion of berthierine formation which was observed for
the reservoir rocks in the entire Siri field (ca. 5e15 vol.-% according
to Stokkendal et al., 2009).

The alteration of the reservoir mineral assemblage in relation to
the residual oil in the Siri field was investigated by using various
methods: thin section microscopy, scanning electron microscopy
(SEM), electron microprobe analysis (EMPA), and high-resolution
transmission electron microscopy (HR-TEM). They suggested a
close interaction between newly formed minerals and residual oil.
Their descriptive results indicate that in situ hydro-
carbonewatererockegas interactions are the driving forces of the
diagenetic features. In a first attempt, Fu (2014) performed simple
hydrogeochemical batch modeling to investigate berthierine for-
mation in the Siri field. However, this batch modeling only con-
siders a selected part of the complex and interconnected
watererockegas processes.

Formation of authigenic berthierine in the Siri oilfield exerts a
negative influence on the permeability of the reservoir rocks: from
ca. 200 mD down to ca. 1 mDwith strong berthierine formation (ca.
5e15 vol.-%; Stokkendal et al., 2009). Thus, the present contribution
aims (1) to decipher the mechanisms of berthierine formation in
the glauconitic oil reservoir, (2) to unravel the parameters which
controlled berthierine formation, and (3) to characterize the
reservoir units whichmay be sensitive to berthierine formation and
permeability changes. In order to answer these questions in a
quantitative way, a complex hydrogeochemical model that is based
on thermodynamics of chemical equilibrium was developed. The
diagenetic features observed in the Siri field provide a suitable
plausibility check of our hydrogeochemical model. The most
important diagenetic features in this oil field are briefly reviewed in
the following section.
2. Diagenetic features in the Siri field

2.1. Mineralogy

Many studies demonstrate that organiceinorganic interactions
trigger significant watererockegas reactions in different subsur-
face environments (e.g., Arning et al., 2011; Schulz and van Berk,
2009; van Berk et al., 2009, 2013). In terms of such organ-
iceinorganic interactions, most hydrocarbon reservoir rocks can
be considered to be chemically reactive. Various processes can
induce complex reaction chains among minerals, formation water,
oil-derived aqueous hydrocarbons, and a multi-component gas,
and leave their signatures in form of a new mineral phase
assemblage.
The reservoir rock matrix of the Siri field is characterized by
diagenetic features which are briefly summarized in Table 1 and
Figure 1 (for details, see Fu, 2014). One of them is glauconite
alteration. Primary glauconite shows various alteration stages:
nearly unaltered, partly altered and transformed to mica, signifi-
cantly altered, and virtually dissolved (Fig. 1a, g, and h). Another Fe-
rich mineral that newly formed under reducing conditions in the
Siri field was identified as berthierine by combining a series of
analytical methods: (1) showing an olive brown color and a pleo-
chroic appearance (thin section microscopy), (2) belonging to the
chloriteeserpentine group (conventional XRD), (3) displaying a
chlorite-like morphology (SEM; Fig. 1e), (4) identified as a Mg-
bearing and Fe-rich silicate (SEM or EMPA), and (5) with a basal
spacing of 7 Å in lattice fringes (HR-TEM). Berthierine is charac-
terized by various morphological types: thin coatings, coating nets,
elongated and fine crystals (Fig. 1a, b, d, g, and h). It occurs
throughout the sandstones: from the gas cap, the oil leg, the OWCs,
and down to the water leg, but mainly in the oil leg and at OWCs.
Berthierine commonly coats glauconite grains or grows within
altered glauconite grains (Fig. 1a, g, and h). This points to the fact
that berthierine formation in the Siri field is related to glauconite
alteration. In contrast to organic matter-rich, glauconitic environ-
ments (e.g., the Nullawarre Greensand; Boyd et al., 2004), ber-
thierine formation and associated glauconite alteration in the Siri
field evolved within the reservoir units which are free of sedi-
mentary organic matter.

Carbon dioxide is one of the typical components in petroleum
systems and its generation is an inevitable consequence of various
processes in view of chemical thermodynamics, such as kerogen
maturation, oil generation, and oil degradation (Seewald, 2003;
Helgeson et al., 2009). It triggers a series of chemical water-
erockegas reactions in many oil reservoirs, such as feldspar disso-
lution due to pH buffering (e.g., van Berk et al., 2013). In the Siri field,
the feldspar assemblages (K-feldspar and albite; Fig. 1c and d) show
dissolution and are free of Ca-bearing plagioclase. By means of
hydrogeochemical modeling, van Berk et al. (2009, 2013) demon-
strated that carbonic acid-driven dissolution of different feldspars
occurs at different pH levels and controls carbon dioxide partial
pressures (pCO2(g)) prevailing in oil reservoirs. Moreover, these
studies reveal that K-feldspar remains stable when anorthite and
subsequently albite dissolve. Thus, it seems reasonable to assume
that Ca-bearing plagioclase has been initially present in the reservoir
rocks of the Siri field (prior to oil charging) and completely dissolved
due to interconnected chemical watererockegas reactions. Calcium



Figure 1. Main diagenetic features observed in the reservoir sandstones of the Siri field. (a) to (e): SEM images; (f): EMPA image with back-scattered detector (BSE); (g) and (h):
SEM-BSE images; (a) Corroded glauconite grain coated by berthierine, modified according to Fu (2014); (b) Pyrite on a berthierine net; (c) Corroded K-feldspar and albite; (d) Newly
formed kaolinite, quartz, and berthierine on the surface of corroded K-feldspar; (e) Elongated berthierine crystals filling pore space surrounded by quartz overgrowth; (f) Newly
formed quartz as small crystals or as overgrowth and calcite cementation at OWC; (g) Fine crystals of siderite and berthierine newly formed between the lamella of mica
transformed from the primary glauconite grain; (h) Muscovite and berthierine newly formed within an altered glauconite grain. A: albite; B: berthierine; C: calcite; G: glauconite; K:
K-feldspar; Kao: kaolinite; M: muscovite; P: pyrite; Q: quartz; Qo: quartz overgrowth; S: siderite; transf.: transformed.

Y. Fu et al. / Marine and Petroleum Geology 65 (2015) 317e326 319
ions released by anorthite dissolution could react with aqueous
CO3

2�
(aq) species to form calcite. Calcite precipitation in the oil and

water legs of the Siri field was proven in only several samples.
Massive calcite cement, which completely fills the pore space
(Fig. 1f), was observed only at the OWCs and was formed due to the
inflow of chalk water driven by seismic pumping (Fu, 2014). This
process is excluded from our study. In analogy to calcite, secondary
siderite was observed in few core samples (Fig. 1g). Magnesium-
bearing carbonates are absent, although the reservoir sandstones
are rich in Fe-, Mg-, and carbonate species.

In the Siri field, authigenic quartz occurs as small crystals or
overgrowth in all core samples (Fig. 1b, def). In addition, formation
of some kaolinite took place (Fig. 1d). Muscovite occurs in two
distinct forms. Large and intact crystals of muscovite are regarded
as primary sedimentary particles (Fig. 1f). Small crystals of
muscovite were identified by their microscopic appearance and/or
their chemical composition (Fig. 1h), but can also inherit the orig-
inal color of primary glauconite fromwhich they were transformed
(e.g., Fig. 44 in Fu, 2014). Such observations reveal that muscovite
was not only present as a primary and sedimentary mineral in the
Siri field rocks, but also newly formed due to hydro-
carbonewatererockegas interactions. Dapples (1967) suggested
that muscovite formation preferentially occurs in glauconite-
bearing sandstones due to available potassium in the lattice of
mica. Therefore, muscovite precipitation in the Siri field is an
additional indication of intensive glauconite alteration.
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2.2. Oil degradation

In terms of chemical thermodynamics, hydrocarbons are un-
stable in the presence of water, and are consequently degraded to
other components via different pathways (Helgeson et al., 1993;
Seewald, 2003; Larter et al., 2006; Jones et al., 2008), even within
a closed system (Head et al., 2003). Therefore, the oilewater con-
tact (OWC) can be considered to be a chemically reactive sitewhere
oil degradation commonly proceeds via methanogenic hydrocar-
bon degradation (Head et al., 2003, 2010; Larter et al., 2006; Dolfing
et al., 2008; Jones et al., 2008). The oxidation of aqueous n-alkanes
proceeds via five steps in the presence of water under elevated
temperatureepressure conditions, which can be described as hy-
drolytic disproportionation of aqueous n-alkanes (Seewald, 2003).
During these steps, aqueous n-alkanes are gradually degraded via
alkenes, ketones and alcohols, and finally, tomethane (CH4), carbon
dioxide (CO2), hydrogen (H2) and carboxylic acids (dominantly
acetic acid; CH3COOH; Eqs. (1a) and 1b; Seewald, 2003).

ReCH2eCH2eCH3(n-alkanes) þ 4H2O / R þ 2CO2 þ CH4 þ 5H2 (1a)

ReCH2eCH2eCH3(n-alkanes) þ 4H2O / R þ 1.9CO2 þ 0.9CH4
þ 0.1CH3COOH þ 5H2 (1b)

Consumption of H2 produced during n-alkane degradation, for
instance oxidation of H2 by ferric iron species, continuously pro-
motes hydrolytic disproportionation of aqueous n-alkanes (Meier,
2012). Experiments reveal that ferric iron-bearing minerals could
accelerate such an oxidation of n-alkanes (Seewald, 2003). The
reservoir rocks of the Siri field dominantly consist of quartz and
glauconite which is characterized by high ferric iron contents
(Amouric and Parron, 1985). The glauconite grains display clear
features of alterationwhich releases ferric iron ions into pore water
(Fig. 1). Petrographic investigations demonstrate that ferrous iron-
rich berthierine formation is related to glauconite alteration (sec-
tion 2.1). Due to different oxidation states of iron in the both iron-
bearing minerals, this process is dependent on reducing agents in
the reservoir rocks of the Siri field which are free of sedimentary
organic matter but which are filled by oil. Moreover, newly formed
minerals and altered, primary glauconite are closely associated
with the residual oil phase (e.g., berthierine precipitated in the
residual oil; Fig. 2). The formation water composition in the Siri
field shows a high total concentration of organic acids and their
anions (ca. 320 mg L�1 measured by Nice et al., 2000) which are the
typical oil degradation products. On a micrometer scale, the
Figure 2. HR-TEM image of authigenic berthierine (white arrows) around and in
several voids previously filled by pore water in residual oil (micro-watereoil emulsion)
filling the pore space between two quartz grains (Qz; modified according to Fu, 2014).
chemical composition of the residual oil phase was investigated by
HR-TEM at different sites in a same sample: the oil phase with and
without surrounding minerals newly formed (Fu, 2014). This
investigation indicates compositional alteration of the residual oil
in form of a slight enrichment of sulfur and nitrogen in the oil phase
surrounded by the newly formed minerals, when compared to the
nearby oil in those regions which lack newly formed minerals.

Oilewater contacts are not restricted sensu stricto to the zone
between the oil leg and the underlying water leg on a reservoir
scale. They can also exist as micro OWCs at the interface between
oil phase in rock pores and irreducible pore water films on grain
surfaces in water-wet oil reservoirs (Fig. 2), or as the interface be-
tween oil phase absorbed on minerals and formation water in the
water leg (e.g., Fig. 39 in Fu, 2014). Figure 2 shows that newly
formed berthierine is intimately connected to the residual oil phase
that fills the pore channel (ca. 1.5 mm wide) between two quartz
grains. This oil phase shows a foam-like structure built of residual
oil and voids which should have been initially filled by pore water
(Fig. 2). Such a foam-like structure could be described as an oile-
water emulsion surrounding the water-wet grains, and conse-
quently, as an OWC on a micrometer scale. Needle-like crystals
(50e500 nm in length; Fig. 2) were identified as berthierine due to
a basal spacing of 7 Å and to the measured composition (Mg-
bearing and Fe-rich aluminosilicate). These crystals seem to float
within and around this foam-like structure. Such an OWC pheno-
type on a micrometer scale is a “hot spot” of intense reactions
among aqueous hydrocarbons, aqueous solutions, minerals, and
gas.

The oil extracted from the rock samples of the Siri field shows a
relative high API grade (Ohm et al., 2006). A regional uplift in the
Siri Canyon led to a remigration of hydrocarbons from the Siri field
(Ohm et al., 2006). Therefore, the present API is not directly relat-
able to the present mineral assemblage. In summary, there is a
multiple evidence that oil degradation should have occurred and
triggered chemical watererockegas reactions in the Siri field: (1) a
strong alteration of Fe(III)-bearing glauconite potentially reduced
by H2 during n-alkane degradation, (2) a high concentration of
organic acids measured in the formation water, (3) the composi-
tional alteration of the residual oil observed closed to newly formed
minerals, and (4) the close spatial relationship between the
observed diagenetic minerals and the altered residual oil.

3. Conceptual modeling approach

Our modeling approach aims to decipher the pathways of the
diagenetic processes in the Siri field, and to identify the driving
forces behind by means of hydrogeochemical modeling. The zero-
dimensional (batch) model simulates closed, isothermal, and iso-
chemical systems which achieve a state of chemical equilibrium
among pore water, mineral assemblage and multi-component gas
(if the sum of the partial pressures of all gas components exceeds
the total pressure). Due to its zero-dimensional character, the
modeling approach leaves spatial and temporal aspects unconsid-
ered. The model is based on thermodynamics of chemical equilib-
rium and on the laws of mass action for solids, as well as for
aqueous and for gaseous species involved within the system. This
model excludes any kinetic aspects because hydrogeochemical
fluiderock interactions rapidly reach near-equilibrium conditions
at reservoir conditions (Fu et al., 2012, 2013).

Oil degradation in the Siri field is indicated by analytical
methods. This process is integrated in the presented modeling
concept which is conceptually based on irreversible hydrolytic
disproportionation (section 2.2). Hydrolytic disproportionation
leads to formation of carboxylic acids (dominantly acetic acid) as
intermediates, which commonly occur in petroleum reservoirs



Table 3
Modeling scenarios.

Primary mineral
assemblage

Added reactants Redox
conditions

Siri-ODP Siri fielda CO2, CH4, H2 reducing
Siri-ODP-siderite Siri field þ goethiteb CO2, CH4, H2 reducing
Siri-ODPþHAc Siri field CO2, CH4, H2, HAcc reducing
Siri-ODP-Be2d Siri field CO2, CH4, H2 reducing

a See Table 2.
b The primary mineral assemblage of the Siri oilfield (see Table 2) plus 1 wt.-%

goethite.
c Acetic Acid.
d Be2: berthierine2; composition measured by Stokkendal et al. (2009).
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independent on temperature (Barth, 1991; Helgeson et al., 1993).
Decarboxylation of such carboxylic acids results in the formation of
additional CO2 and CH4. Assuming that 10% of acetic acid remains at
the end of oil degradation, equation (1a) changes to equation (1b).

Our modeling simulates a pore water reactor (PWR) that is
directly overlain by the OWC. The PWR is open to the influx of oil
degradation products (ODP) from the OWC into the PWR due to
diffusion. This process destabilizes the hydrogeochemical equilib-
rium conditions in the PWR. The acidic and reducing components
produced by oil degradation (see Eqs. (1a) and (b)) affect the pH-EH
conditions of the formation water via pH-controlling Hþ-transfer
reactions and redox-controlling electron-transfer reactions. Such
reactions activate the acid and redox buffer capacity of the reservoir
mineral assemblage. Dissolution of primary minerals, precipitation
of authigenic minerals, and formation of a multi-component gas
take place in a complex web of organiceinorganic interactions.

The conceptual batch PWR with a pore volume of 1.0 L is filled
with water. It has a temperature of 78 �C and a total pressure of
230 atm similar to the present reservoir condition of the Siri field
(Nice et al., 2000). A 1.5 molal NaCl solution (according to the
ctotCl�(aq) of 56 g L�1 measured by Nice et al., 2000) is equilibrated
with the primary mineral assemblage (Table 2) in order to calculate
the initial pore water composition (prior to oil degradation) in the
PWR. A stepwise addition of ODP into the pore water mimics the
diffusive transfer of ODP from the OWC to the PWR. Our standard
modeling scenario, named as “Siri-ODP” (Table 3), investigates how
oil degradation and the thereby triggered hydrogeochemical pro-
cesses alter the initial reservoir mineral assemblage of the Siri field.
Assuming a high porosity of 33% based on petrographic in-
vestigations, the PWR has a total volume of 3.0 L, two thirds of
which are occupied by a primary mineral assemblage. This mineral
assemblage has a total mass of 5.3 kg according to an assumed
average grain density of 2.65 kg L�1. Quartz dominates the primary
mineral assemblage with ca. 65 wt.-% (Table 2). In the model, the
primary quartz grains are only allowed to dissolve. In contrast,
chalcedony (cryptocrystalline SiO2(s)) is considered as the reactive
solid SiO2(s) phase to newly form in the model, because secondary
Table 2
Initial and pre-assigned amounts of the primary and secondary minerals in the PWR
for modeling scenario “Siri-ODP”.

Amounta

wt.-% mol

Primary minerals
Quartzb 65 57.34
Glauconitec 6 0.76
Anorthite 4 0.76
Albite 4 0.81
K-feldspar 2 0.38
Muscovite 1 0.13
Secondary minerals
Berthierined 0 0
Kaolinite 0 0
Chrysotile 0 0
Chlorite7Ae 0 0
Chalcedony 0 0
Calcite 0 0
Dolomite 0 0
Magnesite 0 0
Siderite 0 0
Fe(OH)3(a) 0 0

a Based on thin section microscopy.
b Primary quartz can only get dissolved; instead, chalcedony forms as secondary

SiO2(s).
c 30% of the total primary glauconite is assumed to be available for equilibration.
d Or berthierine2, depending on the modeling scenarios.
e Chlorite with a basal spacing of 7 Å.
SiO2(s) occurs as individual small crystals or as crystal overgrowths
in the Siri field. Glauconite accounts for ca. 20 wt% of the primary
mineral assemblage of the reservoir rocks. Petrographic in-
vestigations show that glauconite commonly has alteration/disso-
lution features. As a result, it is assumed that only 30% of the
primary glauconite is available for the hydrogeochemical reactions
in the PWR (Table 2). Due to the lack of thermodynamic data, the
conceptual model replaces feldspar solid solutions by their pure
end-members (K-feldspar, albite, and anorthite) prior to the onset
of oil degradation (in total 10 wt.-%; Table 2), although no Ca-
plagioclase was proven. Moreover, muscovite occurs as a primary
mineral (1.0 wt.-% as a rough estimate). The initial porewater in the
generic PWR is free of sulfate species and other oxidants. Under
anoxic reducing conditions, pyrite can be regarded as a stable,
chemically non-reactive mineral, and is therefore excluded from
the mineral assemblage.

Dissolution of primaryminerals, such as glauconite and feldspar,
can buffer the uptake of reducing and acidic ODP. Ferric iron species
produced by glauconite dissolution (Eq. (2)) can be reduced to
Fe2þ(aq) by electron donors (e.g., CH4 in Eq. (3) or H2). Such reduc-
tive glauconite dissolution increases the aqueous concentrations of
Fe2þ, Mg2þ, Al3þ, and H4SiO4 which are the major components of
berthierine. Consequently, formation of berthierine can be induced
at its supersaturation. The average composition of berthierine (Eq.
(4)) wasmeasured by EMPA in the Siri field and slightlymodified by
excluding Ca2þ, Kþ, and Naþ which may have been bound in ber-
thierine due to cation exchange.

K0:489Na0:045Mg0:281Al1:387Fe1:183Si3:327O10ðOHÞ2ðGlauconiteÞ
þ 10H2O40:489Kþ þ 0:045Naþ þ 0:281Mg2þ

þ 1:387AlðOHÞ4� þ 1:069Fe3þ þ 0:114Fe2þ þ 3:327H4SiO4

þ 3:144OH�

(2)

8Fe3þ þ CH4(aq) þ 2H2O / 8Fe2þ þ CO2(aq) þ 8Hþ (3)

Fe1.634Mg0.328Al1.324Si1.526O5(OH)4(Berthierine) þ 7.896Hþ 4

1.634Fe2þ þ 0.328Mg2þ þ 1.324Al3þ þ 1.526H4SiO4 þ 2.896H2O(4)

Moreover, dissolution of glauconite and feldspar can signifi-
cantly increase ctotKþ

(aq), ctotH4SiO4(aq), and ctotAl3þ(aq). This could
lead to a supersaturation of the pore water with respect to chal-
cedony and muscovite, and, consequently, enables their formation.
The primary mineral composition of the reservoir rocks in the Siri
field is rich in Fe andMg (in glauconite) and contains trace amounts
of Ca (in anorthite). Consistently, siderite, magnesite, dolomite, and
calcite may form at saturation. In analogy, other potential second-
ary minerals that are listed in the used thermodynamic database
(“phreeqc.dat”; Parkhurst and Appelo, 2013) are allowed to form,
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when they achieve saturation, such as chrysotile (the pure-
magnesium serpentine), kaolinite, chlorite with a basal spacing of
7 Å (chlorite7A from the “wateq4f.dat”; Parkhurst and Appelo,
2013), and Fe(OH)3(a). Precipitation of such secondary minerals
would further adjust the pH-EH conditions and induce the other
reactions within the complex web of hydrogeochemical reactions
evolving in the PWR. In other words, the model developed in this
study is not calibrated according to any measured or observed data,
but is solely based on the principal laws of chemical
thermodynamics.

The computer code PhreeqcI (Parkhurst and Appelo, 2013) is our
modeling tool. Based on chemical thermodynamics and on the
fundamental laws of conservation of mass and charge, PhreeqcI
calculates the species distribution of chemical equilibrium among
minerals, aqueous solutions, and gases. Its thermodynamic data-
base “phreeqc.dat” (Parkhurst and Appelo, 2013) was used in the
model and includes all equilibrium reactions, their corresponding
equilibrium constants, and the temperatureepressure dependence
of these constants for all involved aqueous, solid and gaseous
species except for magnesite, chlorite7A, glauconite, and berthier-
ine (characterized by different chemical compositions). The ther-
modynamic data of these minerals have been additionally defined
in the input file (for details, see Appendix A). Based on the
measured chemical composition and the assumed crystal structure
of glauconite and berthierine, their thermodynamic properties
were calculated by using the predictive approach, which was
developed for estimating the thermodynamic properties of phyl-
losilicates (Vieillard and Mathieu, 2009; Vieillard et al., 2011, and
references therein; for details, see Appendix A). PhreeqcI uses the
molar volume of minerals to calculate the pressure dependence of
the equilibrium constants (Parkhurst and Appelo, 2013). The grain
density of glauconite and berthierine depends on their chemical
composition, and consequently varies between 2.4 and 2.95 kg L�1

(Patchett et al., 1993) and between 3.1 and 3.5 kg L�1 (Mandarino
and Anderson, 1989), respectively. Assumed values of 2.7 kg L�1

and 3.3 kg L�1 are used for the density of glauconite and berthierine
in our study.

Compared to the standard scenario Siri-ODP, an alternative
scenario Siri-ODPþHAc additionally considers production of acetic
acid during oil degradation (Table 3). As berthierine is a solid so-
lution consisting of pure ferrous iron- and magnesium-serpentine
minerals, its composition slightly varies depending on the pore
water composition during growth. However, the hydrogeochemical
model is incapable of considering this phenomenon. Therefore,
another scenario Siri-ODP-Be2 integrates berthierine with a
chemical composition according to Stokkendal et al. (2009;
Fe1.738Mg0.417Al0.95Si1.71O5(OH)4; labeled as “berthierine2”; Table 3)
as a potential secondary mineral instead of berthierine with a
composition described by equation (4). This scenario shall test the
effects of variable berthierine composition on the calculated spe-
cies distribution.

4. Modeling results

All modeling scenarios start with the primary mineral phase
assemblage and allow precipitation of potential secondaryminerals
at their saturation. The calculated results, including the alteration
of the mineral assemblage in the PWR, as well as the modeled pH
and EH, are shown as a function of the reaction steps. The reaction
steps are proportional to the amount of added reactants (ODP) and
correspondingly represent the intensity of oil degradation. In
addition, the increasing amount of the reactants could result in the
development of a coexisting gas. The presentation of these pa-
rameters aims to identify the mechanisms of the diagenetic fea-
tures observed in the Siri field.
4.1. Basic scenario “Siri-ODP”

Addition of oil degradation products (ODP) into the PWR in-
duces proton- and electron-transfer reactions which strongly
change the pH and EH conditions. Due to the addition of CH4 and H2,
the modeled EH decreases to �580 mV after the first step of ODP
addition (Fig. 3a). Under such reducing conditions, Fe3þ-ions
released by glauconite dissolution are reduced to Fe2þ-ions. This
leads to an undersaturation with respect to any Fe3þ-bearing
mineral. With ongoing ODP addition, CO2, which is produced by oil
degradation and additionally via anoxic CH4 oxidation by Fe3þ (Eq.
(3)), is continuously released into the pore water. Parallel to this,
the modeled pH displays no incrementally decreasing trend as a
consequence of ODP addition. The corresponding dissolution of
different minerals buffers pH which decreases via three distinct
levels: from ca. 10.0, via 9.0, down to 7.0 (Fig. 3a). Strongly reducing
conditions evolve in the PWR due to the excess of ODP over the
amount of the chemically reactive, available glauconite. Conse-
quently, glauconite completely dissolves at first and buffers the pH
due to CO2 addition into the pore water (Fig. 3b). Then anorthite
dissolution takes over the pH buffer from glauconite (Fig. 3c).
Dissolution of glauconite and anorthite keeps the pH at an almost
constant level of ca. 10 despite intense CO2 addition during the first
four steps. As a result of strong glauconite dissolution, the high
ctotFe2þ(aq) in combination with the high ctotMg2þ(aq) and ctotH4-

SiO4(aq) leads to berthierine formation (Fig. 3d). Precipitation of
berthierine displaying a very low solubility leads to a very low ctotFe
(<1 � 10�9 mol kgw�1 at all reaction steps). Within the first six
reaction steps, chrysotile and chlorite7A firstly form (<0.1 wt.-%;
Fig. 3f), and subsequently dissolve.

The release of potassium from altered glauconite supports
muscovite precipitation. The simultaneous formation of berthierine
andmuscovite keeps the amount of chalcedony lowwithin the first
three reaction steps despite a significant supply of silica species
from dissolution of glauconite and anorthite (Fig. 3d). At high pH,
added CO2 is partly converted to CO3

2� species and results in calcite
formation which continues at the expense of anorthite (Fig. 3c and
e). In spite (1) of a strong glauconite dissolution, (2) of the resulting
release of Fe- and Mg-species into the pore water, and (3) of high
pCO2 levels, formation of Fe-bearing carbonates is prevented and
only trace amounts of Mg-bearing carbonates form due to the
strong Fe- and Mg-fixation via berthierine formation (Fig. 3e). This
highlights that the iron ions originally bound in the glauconite
lattice are not the source of the observed siderite precipitation (e.g.,
Fig. 1g).

After dissolution of anorthite, the ongoing dissolution of K-
feldspar and albite buffers the CO2 acidity. Concurrently, precipi-
tation of muscovite and chalcedony continues (Fig. 3d). Kaolinite
formation starts with intense dissolution of feldspars and peaks
when feldspars completely dissolve (Fig. 3c and d). This reveals that
glauconite dissolution is not the control of kaolinite formation
observed in the Siri field, although it also releases massive Al3þ(aq)
and H4SiO4(aq). From the 6th reaction step on, a free gas phase
dominated by CH4(g) develops with an increasing content of CO2(g)
(Fig. 3b).

4.2. Further scenarios

The calculated results of scenario Siri-ODP show that dissolution
of Fe-rich glauconite is not the reason of the siderite formation
observed in the Siri field. Thus, an alternative modeling scenario
(Siri-ODP-siderite) considers goethite (FeOOH) as a further primary
mineral, which is one of the most common products of oxic glau-
conite weathering (Longu�ep�ee and Cousineau, 2006). It was
assumed that 1.0 wt.-% of goethite additionally exists in the primary



Figure 3. Results of modeling scenario Siri-ODP which simulates an increasing addition of oil degradation products into pore water (reaction steps 1e10). Amount of reactants
incrementally added: 0.2 mol CH4, 0.4 mol CO2, and 1.0 mol H2 per reaction step.
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mineral assemblage of scenario Siri-ODP-siderite prior to oil
degradation (compared to scenario Siri-ODP). The modeling results
show that the high pH caused by dissolution of glauconite and
feldspar prevents strong goethite dissolution during the first seven
reaction steps despite strongly reducing conditions (Fig. B.1aec and
f). Parallel to this, siderite precipitation starts at the 8th reactions
step, as the primary glauconite and feldspar completely dissolve
(Fig. B.1b, c, and e). At the final reaction step, 0.9 wt.-% siderite
forms at the expense of goethite (Fig. B.1eef). Siderite formation
additionally extracts carbonate species from the aqueous solution,
and, consequently, pCO2(g) decreases (Fig. B.1b). The other param-
eters including the amount of newly formed berthierine still show
identical trends and also similar absolute levels when compared to
scenario Siri-ODP (Figs. 3aef and B.1aef).

In scenario Siri-ODP-Be2, berthierine2 (composition according
to Stokkendal et al., 2009) is slightly enriched in Fe but impov-
erished in Mg compared to berthierine in scenario Siri-ODP. The
total amount of carbonates in scenario Siri-ODP-Be2 decreases and
the calculated pCO2 slightly increases at the same reaction step as in
the Siri-ODP scenario (Figs. B.2bec and 3bec). Due to the distinct
Al:Si ratios in berthierine, the amounts of Al- and/or Si-bearing
minerals slightly vary in these two scenarios (Figs. 3ced and
B.2ced). The results of the further scenario (Siri-ODPþHAc), which
is extended by further addition of acetic acid, resemble those of
scenario Siri-ODP with regard to all parameters (Figs. 3aef and
B.3aef).

5. Discussion and implications

The modeled alteration of the reservoir mineral assemblages in
the Siri field fits the results gained by various analytical methods
(section 2), showing (1) berthierine formation at the expense of
glauconite, (2) depletion of K-feldspar and albite coupled to for-
mation of kaolinite and secondary SiO2(s), (3) moderate precipita-
tion of muscovite, and (4) prevention of Fe- or Mg-carbonate
precipitation despite enrichment of Fe-, Mg-, and carbonate species
in this field. Our modeling demonstrates that hydro-
carbonewatererockegas interactions are the driving force of these
diagenetic processes, which is supported by the observed close
relationship between the diagenetic minerals and the altered
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residual oil. The calculated results and the observations indicate
weak calcite formation in the reservoir. Ca-bearing plagioclase has
not been detected in the reservoir rocks, whereas its dissolution
results in calcite formation in themodeling. This might suggest that
Ca-bearing plagioclase dissolved in the reservoir. A modeled low-
degree oil degradation leads to high pH which in combination
with the high sodium concentration of the formation water causes
weak albitization (Fig. 3c). However, albitization was not observed
in the analyzed samples. This difference points to the fact that the
present reservoir rocks of the Siri field may have undergone weak
oil degradation. The modeling results show that pure-Mg serpen-
tine and chlorite with minor amounts (chrysotile and chlorite7A)
could form depending on the oil degradation intensity. However, no
pure-Mg silicate was proven. This indicates that “fresh” berthierine
may have a variable composition due to a changing chemical
composition of the porewater and can be enriched inMg at specific
stages of glauconite dissolution. However, this change in the
chemical composition of berthierine is incapable of being included
in the model. Despite minor differences, the alteration of the
reservoir rocks, which is calculated based on thermodynamics of
chemical equilibrium, well match the observations of the reservoir
mineral assemblages. Hence, this good accordance confirms the
plausibility of the developed hydrogeochemical model.

Our modeling results reveal that strong alteration of Fe-rich
glauconite is not a control of siderite precipitation. Actually,
siderite newly forms, as primary glauconite and feldspar
completely dissolve and goethite begins to dissolve. Therefore,
dissolution of iron(III) oxideehydroxide (e.g., goethite), which
commonly occurs as one of the weathering products of glauconite,
may have resulted in noticeable siderite formation in the Siri field.
Micro-environments, which contain iron(III) oxideehydroxide but
which are free of reactive glauconite and feldspar (due to their
complete consumption or passivation by coating), may be the
favored sites for siderite precipitation. These complex hydro-
carbonewatererockegas interactions evolve as isochemical, in situ
transformations (among different components), and are triggered
by oil degradation. Additionally, our modeling results indicate that
the following two processes exert no influence on the type of
diagenetic processes, and slightly control the mass conversion of
these diagenetic processes: (1) variation in berthierine composition
depending on compositional changes of pore water, and (2) for-
mation of carboxylic acids during oil degradation.

Stokkendal et al. (2009) showed that berthierine formation in
the Siri field reduces the reservoir permeability. Additionally, they
suggested that berthierine formation resulted from an advective,
long-lasting fluid flow which durably delivered aqueous species. If
Table 4
Calculated volume conversion (in ml) of minerals involved within the PWR (1.0 L pore s

1 2 3 4 5

Anorthite 45 64 77 77 77
Albite �58 �56 �43 �13 16
K-Feldspar 0 0 2 19 35
Calcite �10 �16 �21 �27 �32
Kaolinite 0 0 0 0 0
Siderite 0 0 0 0 0
Chalcedony �6 �7 �15 �35 �55
Glauconite 118 118 118 118 118
Berthierine �64 �64 �64 �64 �64
Muscovite �25 �45 �64 �85 �106
Goethite 4 4 4 4 4
Sum 3 �2 �6 �6 �7

Negative value (�): decrease in pore volume due to mineral formation; positive value (þ
r(anorthite): 2.76; r(anorthite): 2.615; r(K-feldspar): 2.563; r(calcite): 2.711; r(kaolinite
2.83; r(goethite): 4.18; all the mineral densities: taken from mindat.org (2014).
so, berthierine formation should be restricted to narrow areas of
the reservoir which are exposed to this fluid flow. In contrast, our
modeling unravels that berthierine formed within a more or less
closed system. Reducing agents (CH4 and H2) produced by oil
degradation are the driving forces of glauconite dissolution via
reduction of Fe3þ(aq) species to Fe2þ(aq) species. This reveals that
berthierine formation is an inevitable process evolving in the Siri
field. Within water-wet glauconitic rocks, berthierine formation
thus should be intensified in oil legs and at OWCs which are the
“hot spots” of organiceinorganic interactions due to a sufficient
supply with reducing agents. This finding matches the main
occurrence of secondary berthierine observed in the oil leg and at
the OWC in the Siri field. Correspondingly, the changes in reservoir
porosityepermeability properties triggered by oil degradation and
glauconite dissolution would be focused in the oil leg and at the
OWC compared to the water leg. Berthierine formation in the Siri
field is a result of the redox-reactions between glauconite and oil
degradation products (CH4 and H2). Thus, the mass conversion of
newly formed berthierine can be used to estimate the amount of
degraded oil, because the reservoir sandstones of the Siri field are
free of other reducing agents, such as sedimentary organic matter.

Mineral dissolution and precipitation can change porosity and
also permeability. Calculating an overall volumetric balance of the
total mineral assemblage indicates whether diagenetic processes
create secondary porosity or reduce primary porosity. For instance,
the calculated total volume of newly formed minerals (including
berthierine, calcite, siderite, kaolinite, chalcedony, and muscovite)
overcompensates for the summed volume of dissolved primary
minerals (glauconite, feldspar, and goethite) in scenario Siri-ODP-
siderite (Table 4). At the last reaction step of this scenario, the
porosity of the PWR is decreased by ca. 0.47% (14 ml per 3.0 L of the
total rock volume; Table 4). Porosity would further decrease, pro-
vided that the coupled mineral dissolution and precipitationwould
continue in glauconite-bearing and berthierine-forming systems.
In general, a slight decrease in porosity could lead to a strong
permeability reduction due to mineral precipitation (Vaughan,
1987). Hydrocarbonewatererockegas interactions are thus the
basic control of porosity reduction caused by berthierine precipi-
tation in the Siri field. Thus, it can be deduced that a stronger
decrease in reservoir porosity and/or permeability due to glauco-
nite dissolution and the resulting berthierine formation could
preferentially proceed in the oil leg and at the OWC compared to
the water leg. In summary, the good agreement between the
modeled and observed alteration of the reservoir rocks in the Siri
field provides a good example for applying hydrogeochemical
modeling as a useful tool in order to identify the mechanisms,
pace; reaction steps 1e10) for scenario Siri-ODP-siderite.

6 7 8 9 10

77 77 77 77 77
47 65 70 71 71
41 41 41 41 41

�38 �39 �39 �39 �39
�8 �16 �19 �19 �20
0 0 �3 �8 �13

�72 �81 �82 �82 �83
118 118 118 118 118
�64 �64 �64 �64 �64

�115 �115 �115 �115 �115
4 4 5 8 12

�10 �10 �11 �12 �14

): increase in pore volume due to mineral dissolution; r: mineral density in kg L�1;
): 2.63; r(siderite): 3.932; r(chalcedony): equals to r(quartz) of 2.65; r(muscovite):
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controlling factors, and preferential locations of diagenetic pro-
cesses and thereby triggered porosityepermeability changes in
petroleum systems.

6. Conclusions

Previous hypotheses suggested that berthierine precipitation in
the Siri field should have evolved in an open system (Stokkendal
et al., 2009). In contrast, a good match between the measured
and modeled mineralogical alteration of the reservoir rocks in the
Siri field reveals that strong berthierine formation should have
resulted from in situ glauconite alteration in a more or less closed
aqueous system due to hydrocarbonewatererockegas in-
teractions. All components necessary to form berthierine can be
from internal sources in glauconitic subsurface environments that
need to be rich in electron donors, such as the glauconitic reservoir
rocks of the Siri field after oil degradation. In glauconitic oil reser-
voirs, berthierine formation therefore should be more commonly
observed in the oil leg and at the OWC where permeability de-
creases. Moreover, the modeling results highlight that glauconite
dissolution and berthierine formation are commonly accompanied
by precipitation of potassiummica and SiO2(s). In spite of the strong
release of aqueous aluminum and silica species due to glauconite
dissolution, kaolinite precipitation observed in the Siri field resul-
ted from feldspar alteration. Although glauconite is characterized
by very high iron contents, its dissolutionwould not lead to siderite
precipitation. For this, dissolution of other iron-bearing minerals,
such as iron(III)-oxideehydroxide, may be responsible. Calculations
of an overall volumetric balance of the total mineral assemblage
indicate that these diagenetic processes triggered by hydro-
carbonewatererockegas interactions in the Siri field could lead to
a reduction in porosity and permeability, mainly in the oil leg and at
the OWC.
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