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ABSTRACT

Stylolites and the interfaces to the host limestone have been investigated by means of a multidisciplinary analyti-

cal approach (thin section microscopy, FIB-TEM, organic geochemistry and petrography). Carbonate dissolution

assuming different boundary conditions was simulated by applying a generic hydrogeochemical modelling

approach. It is the conceptual approach to characterize and quantify traceable organic–inorganic interactions in

stylolites dependent on organic matter type and its thermal maturity, and to follow stylolite formation in carbon-

ates as result of organic matter reactivity rather than pressure solution as a main control. The investigated stylolite

samples are of Upper Permian (Lopingian, Zechstein), Middle Triassic (Muschelkalk) and Late Cretaceous (Maas-

trichtian) age and always contain marine organic matter. The thermal maturity of the organic matter ranges from

the pre-oil generation zone (0.4–0.5% Rr) to the stage of dry gas generation (>1.3% Rr). The results of the gen-

eric hydrogeochemical modelling indicate a sharp increase of calcite dissolution and the beginning of stylolite for-

mation at approximately 40°C, which is equivalent to a depth of less than 800 m under hydrostatic conditions

considering a geothermal gradient of 30°C and a surface mean temperature of 20°C. This temperature corre-

sponds to the pre-oil window when kerogens release an aqueous fluid enriched in carbon dioxide and organic

acids. This aqueous fluid may change the existing pore water pH or alkalinity and causes dissolution of carbonate,

feldspar and quartz, and clay mineral precipitation along the stylolite. Dissolution of limestone and dolostone

leads to reprecipitation of calcite or dolomite opposite of the dissolution side, which indicates only localized mass

redistribution. All these integrated hydrogeochemical processes are coupled to the generation of water during

organic matter maturation. In all of the calculated hydrogeochemical scenarios, H2O is a reaction product and its

formation supports the suggested hypothesis.
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INTRODUCTION

Stylolites occur frequently in carbonates, in siliciclastic rocks

(e.g. Thomas et al. 1993; Nenna & Aydin 2011) or in evap-

orites (e.g. Peryt et al. 1993; B€auerle et al. 2000). Tradi-

tional hypotheses to explain stylolite formation in carbonates

are based on the concept that overburden pressure is the

main control as these serrated surfaces often occur parallel to

bedding (Railsback 1993; Moore & Wade 2013).

Organic matter is often found at such interfaces (e.g.

Von Bergen & Carozzi 1990; Gao et al. 1999; Alsharhan

& Sadd 2000), but its maturation products were rarely

investigated and reported as the driving force of stylolite

formation (e.g. Dunham & Larter 1981; and further

references in chapter 2). It is thus the aim of this manu-

script to investigate stylolite formation in carbonates as a

result of organic matter reactivity rather than pressure solu-

tion. To reach this goal we applied the conceptual

© 2016 John Wiley & Sons Ltd
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approach to characterize and quantify traceable organic-

inorganic interactions in stylolites dependent on organic

matter type and thermal maturity.

Organic–inorganic rock–fluid interactions are described

for a variety of geochemical processes in sedimentary basins

such as biogenic methane formation (Arning et al. 2011),

oil degradation (Seewald 2003) or H2S formation (Fu

et al. 2016). In such scenarios, soluble hydrocarbons and

their alteration products change the hydrogeochemical

properties of the formation water, thereby launching multi-

ple inorganic reactions causing the dissolution or the pre-

cipitation of minerals (Surdam et al. 1989; Prochnow

et al. 2006). These aqueous fluids form during early diage-

nesis and early kerogen maturation, and are enriched in

carbon dioxide (CO2), methane (CH4) and low molecular

weight organic acids (LMWOAs; Cooles et al. 1987; di

Primio & Skeie 2004; Mazzullo & Harris 2009). Such

processes can also take place at the interface between

organic matter-bearing clayey layers and a carbonate

matrix, which is the actual situation before stylolite forma-

tion. In any case, water is essential for the process of stylo-

lite formation as it serves as the reactor for geochemical

processes. At depths >1000 m and due to cracking reac-

tions before, during and after the main stage of hydrocar-

bon generation, type II and III kerogens release significant

H2O amounts (also found in artificial maturation experi-

ments, e.g. Lorant & Behar 2002; Vandenbroucke &

Largeau 2007). Accordingly, dissolved organic compounds

may create chemical micro-environments which allow

dissolution and diffusion of dissolved ions, but also

precipitation.

Here, we report about investigations of organic–inor-
ganic interactions and their potential role for the formation

of stylolites in carbonate rocks. It is the aim of this contri-

bution to unravel such interactions in micro-environments

of carbonate rocks and to answer the following questions:

(1) What are the characteristics of organic matter in stylo-

lites, and is there evidence that organic matter matura-

tion products (OMP) control stylolite formation?

(2) Is it possible to track organic–inorganic rock–fluid inter-

actions in stylolites and the adjacent carbonate matrix?

(3) Do maturation products of organic matter (in other

words: are pre-oil and early oil released CO2, CH4 and

LMWOAs) control stylolite generation?

(4) Is the dissolved carbonate precipitated as cement in

close vicinity rather than being transported over long

distances?

(5) Is it possible to calculate stylolite formation in the

form of calcite dissolution rates by hydrogeochemical

modelling of organic–inorganic rock–fluid interactions

based on chemical thermodynamics? Do such results

allow a depth or temperature estimation when calcite

starts to dissolve?

ORGANIC–INORGANIC ROCK–FLUID
INTERACTIONS DURING STYLOLITE
FORMATION – A BRIEF REVIEW

First considerations of organic matter as a main control

showed that total organic carbon (TOC)-rich mudstones

have a greater sensitivity for stylolite formation than TOC-

poorer grainstones (Dunham & Larter 1981). The inter-

pretation of the results led to the hypothesis that carbon

dioxide and low molecular organic acids released during

organic matter maturation may have led to carbonate dis-

solution and stylolite formation (for organic acid genera-

tion cf. Barth et al. 1988). Furthermore, Dunham &

Larter (1981) suggested that the subsurface temperature

may be more important than the prevailing pressure

regime. Such a concept would contradict predictions of

stylolite formation to minimum depths of around

700–800 m (Lind 1993; Nicolaides & Wallace 1997).

The aforementioned results from previous studies sug-

gest that there are two major interacting factors for stylo-

lite formation in carbonates: (i) pore water and (ii) organic

matter and its diagenetic products. Similar factors also

occur at oil–water contacts (OWC) in carbonate oil reser-

voirs. For example, the occurrence of stylolites in Lower

Cretaceous carbonate oil reservoirs in UAE is focussed on

the flanks of anticlines rather than on the crest, and the

amplitude of these rough dissolution surfaces is highest in

the water leg, lower in the oil leg and small in the gas leg

(Alsharhan & Sadd 2000; Paganoni et al. 2016), but may

be due to downward migration of acidic and corrosive flu-

ids (ACF) generated by oil degradation at OWC.

Moore & Wade (2013) and Mazzullo & Harris (2009)

hypothesized that CO2 and organic acids which are gener-

ated via decarboxylation of organic matter in source rocks

may cause dissolution before the main stage of hydrocar-

bon filling and that the dissolved carbonate is reprecipi-

tated as a cement in proximity to the site of dissolution.

For instance, acetic acid concentrations influence the pH

of formation water which controls CO2 partial pressure

(pCO2) and thus calcite dissolution or precipitation

(Lundegard & Land 1989; van Berk et al. 2015). How-

ever, this process is dependent on temperature. The higher

the temperature, the less is the content of acetic acid to

cause calcite dissolution (Lundegard & Land 1989).

Petroleum generation and expulsion from stylolites was

investigated in a series of papers by di Primio & Leythaeu-

ser (1995), Hofmann & Leythaeuser (1995), and

Leythaeuser et al. (1995). The results were interpreted

based on the consideration that basically homogenous

source rocks undergo effective carbonate redistribution due

to pressure solution. This concept would require substan-

tial mass transfer due to large volumes and flow rates of

formation water to shift solutes.

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 909–924
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Clay minerals are regarded as catalysts of carbonate pres-

sure solution, and clay-enriched layers often contain

organic matter (e.g. Leythaeuser et al. 1995). The relation-

ship between stylolite occurrence and organic matter

points to a control of carbonate dissolution by organic

diagenetic products, for example, by CO2 or acetic acid

(Lundegard & Land 1989; Metcalf et al. 2005; Smith

et al. 2013). However, if such processes play a significant

role, then the presence of water as the reactor for hydro-

geochemical processes is crucial.

CONCEPTUAL APPROACH

Sample selection

Stylolite-bearing carbonates (calcitic or dolomitic as host

rock) of different stratigraphic levels and depth have been

selected to investigate the role of diagenetic organic matter

maturation on stylolite formation. Oriented samples were

taken from outcrops in actively mined quarries or from

borehole cores, and are of well-defined stratigraphic levels.

Samples have been taken from Lopingian (Upper Permian

Ca1 and Ca2), Late Cretaceous and Middle Triassic strata.

The present-day depths of the samples range from surface

to 3344 m, but do not represent maximum burial depth in

all cases (Table 1).

Analytical techniques

Samples were sawed perpendicular to bedding to prepare

polished thin sections which were used to prepare elec-

tron transparent TEM foils using the focused ion beam

(FIB) technique (Wirth 2004, 2009). The investigated

FIB cut TEM foils have the dimensions

15 910 9 0.150 lm.

TEM was performed in a Tecnai F20 X-Twin transmis-

sion electron microscope with an acceleration voltage of

200 kV. A Schottky field emitter was used as an electron

source. The TEM is equipped with a Gatan Tridiem energy

filter, a Fishione high-angle annular dark-field detector

(HAADF) and an EDAX X-ray analyser with ultrathin win-

dow. Minerals were identified by chemical composition

(EDS spectra) and from electron diffraction data. High-

resolution lattice fringe images in low-indexed zone axis

orientation were processed by applying a fast Fourier trans-

form (FFT) to calculate diffraction pattern.

Table 1 Origin of the investigation material.

Sample no.

GFZ
sample

no.

TEM
sample

no. Name Stratigraphy Location

Basin or tectonic

structure Sample origin

Today’s

depth (m)

Chalk-1a G015404 4361 Hidra
Formation

Cenomanian Danish North Sea Mona Ridge Well Mona-1 3344.00 m

Chalk-1b G015405 4352 Hidra
Formation

Cenomanian Danish North Sea Mona Ridge Well Mona-1 3344.00 m

Schaumkalk-1a G015500 2082 Muschelkalk Middle Triassic R€udersdorf, Brandenburg,
Germany

East German Basin Active quarry Surface*

Schaumkalk-1b G015502 4284 Muschelkalk Middle Triassic R€udersdorf, Brandenburg,
Germany

East German Basin Active quarry Surface*

Ca2-1a G015406 4082 Ca2 dolomite Upper Permian €Uhrde, Lower Saxony,
Germany

Lower Saxony Basin Active quarry Surface†

Ca2-1b G015407 4089 Ca2 dolomite Upper Permian €Uhrde, Lower Saxony,
Germany

Lower Saxony Basin Active quarry Surface†

Ca2-1c G015408 4178 Ca2 dolomite Upper Permian €Uhrde, Lower Saxony,
Germany

Lower Saxony Basin Active quarry Surface†

Ca2-1d G015409 4176 Ca2 dolomite Upper Permian €Uhrde, Lower Saxony,
Germany

Lower Saxony Basin Active quarry Surface†

Ca2-2 G015410 4321 Ca2 dolomite Upper Permian Mecklenburg

Vorpommerania,
Germany

East German Basin Well Pa 1/68 4640.2 m

Ca2-3 G015412 4319 Ca2 dolomite Upper Permian Mecklenburg
Vorpommerania,
Germany

East German Basin Well Ba 1/63 2822.8 m

Ca1-1a G015416 4253 Ca1 carbonate Upper Permian Luckenwalde, Brandenburg,

Germany

East German Basin Well E Lw 1/80 1821.0 m‡

Ca1-1b G015417 4244 Ca1 carbonate Upper Permian Luckenwalde, Brandenburg,
Germany

East German Basin Well E Lw 1/80 1821.0 m‡

Ca1-2a G015418 4257 Ca1 carbonate Upper Permian Luckenwalde, Brandenburg,
Germany

East German Basin Well E Lw 1/80 1821.0 m‡

Ca1-2b G015419 4255 Ca1 carbonate Upper Permian Luckenwalde, Brandenburg,

Germany

East German Basin Well E Lw 1/80 1821.0 m‡

*Above a salt diapir, about 2000 m uplifted (Schretzenmayr et al. 1987). †More than 600–800 m uplifted (R. M€uller, 2015, personal communication). ‡More
than 1000 m uplifted during Upper Cretaceous, later only slightly ongoing burial (Schretzenmayr et al. 1987).
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In order to investigate the visible content, type and dis-

tribution of organic matter in the stylolites and surround-

ing sediments, all samples were cut perpendicular to the

bedding plane, embedded in epoxy resin and polished.

Samples were analysed under reflected white light and UV

light illumination using a Zeiss Axioplan microscope

equipped with a XBO 75 W/HBO 100 W lamp emitting

546 nm monochromatic light. Microscopy was performed

using oil immersion objectives with Zeiss Immersol N

immersion oil. Photographs were acquired with an Axio-

Cam camera attached to the microscope and documented

using the AxioVision software.

For selected samples, TOC content measurements (Leco

SC-632 instrument) and Rock-Eval pyrolysis parameters

S1, S2, S3 and Tmax (Rock-Eval 6 instrument) were deter-

mined at Applied Petroleum Technology AS, Norway.

Hydrogeochemical modelling

The generic model approach shall calculate at which temper-

ature (and pressure) calcite dissolution significantly starts,

and how much OMP are needed. The modelling approach is

adapted to the conceptual approach by van Berk et al.

(2015). Here, a modified and simplified approach of a 1D

reactive transport model across a TOC-rich shale/calcite car-

bonate interface is calculated for different TOC contents (in

the input file represented as 0.1, 1 and 10 moles of OMP),

and different pressure and temperature conditions (from

30°C/75 bar to 80°C/300 bar).

Conceptually, OMP (CH4, CO2, H2 and acetic acid) are

generated in an organic matter-bearing clayey layer and are

released into the adjacent carbonate layer (here pure cal-

cite) by advection. According to van Berk et al. (2015),

the initial relative kerogen maturation products (KMP)

ratios are 1.9 for CO2, 0.9 for CH4, 5.0 for H2 and 0.1

for acetic acid.

During modelling step 1 (see appendix for steps 1, 2

and 3 of the exemplary scenario considering the input of

1.0 mol KMP at 50°C and 150 bar), these KMP dissolve

in 1 l of a 1 molal NaCl aqueous solution in a first step in

a ‘0D’ batch model reactor under the predefined tempera-

ture and pressure conditions. This reactor simulates the

conditions in an organic matter-bearing clayey layer. The

reactions take place between the mineral phases (0.48 mol

each of quartz and kaolinite; 0.01 mol each of calcite,

anorthite, albite and K-feldspar) and a potentially coexist-

ing multicomponent gas (CH4(g), CO2(g) and H2(g)). In a

next, 0.1, 1 or 10 KMP, moles are added to the aqueous

solution. Based on the chemical thermodynamics of aque-

ous equilibrium reactions, the equilibrium species distribu-

tion and the mass conversion resulting from these

interactions are calculated.

The calcite saturation for the different temperature and

pressure conditions is calculated during modelling step 2.

In modelling step 3, the calcite carbonate is generically

represented by one cell with a pore volume of 1.0 l and a

porosity of 10%. According to van Berk et al. (2015),

advection is simulated by the number of displaced pore

volumes (here: n = 1000) and simulates the number of

events during which the inflowing ACF completely displace

the solution which filled the pore volume of the cells

before. After each inflow event, the chemical re-equilibra-

tion among the new aqueous solution in the pores, the

mineral matrix and the gas alters the composition of the

system. Steady state flow conditions are one integral pre-

requisite for this kind of one-dimensional reactive mass

transport modelling. Furthermore, mass fluxes and con-

stant initial composition of the ACF influx into the generic

carbonate matrix are taken into account.

The batch and the one-dimensional reactive mass trans-

port models were calculated by applying the USGS

Phreeqc Interactive 3.1.4-8929 computer code (Parkhurst

& Appelo 2013) under implementation of the phreeqc.dat

database. As the code is based on the chemical thermody-

namics of aqueous equilibrium reactions, it was used to

calculate the equilibrium species distribution dependent on

different pressure and temperature conditions, and to cal-

culate mass conversion and coupled 1D-advective mass

transport.

van Berk et al. (2015) pointed out that all acetate-bear-

ing species and a few aqueous aluminium- and silicon-bear-

ing species are not included in the phreeqc.dat database

and that they are taken from the minteq.v4.dat database of

Phreeqc Interactive 3.1.4-8929 and additionally defined in

the input files.

RESULTS

Organic petrography and geochemistry

All investigated stylolites contain – partly few – particulate

hydrogen-rich, predominantly aliphatic, oil-prone liptinitic

organic material of different thermal maturity which can be

visualized by UV illumination and well distinguished from

the fluorescence of the host carbonate. A thermal maturity

of approximately 0.5% Rr is obvious from the bright green

to yellow fluorescence of liptinite in the stylolite of the

Late Cretaceous Chalk from the Danish North Sea

(Fig. 1B). The samples are from a depth of 3344 m (well

Mona-1; Table 1), and the vitrinite reflectance of ca. 0.5%

Rr fits the measured data in this well (Petersen et al.

2010). A slightly higher thermal maturity of around 0.6%

Rr can be tracked for the Schaumkalk samples (Middle Tri-

assic; Fig. 1C). Their hydrogen index (HI) values of

around 90 mg HC/g TOC and low oxygen index (OI)

values of around 60 mg CO2/g TOC could suggest ques-

tionable terrestrial organic matter which is slightly ther-

mally mature (early oil window maturity; Tmax: 436°C).

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 909–924

912 H.-M. SCHULZ et al.



However, the stylolite samples isolated from Schaumkalk

are low in TOC content (0.2 wt.%), and any interpretation

of the corresponding Rock-Eval in terms of kerogen type

has to be critically evaluated. Significant higher thermal

maturities can be followed by lower intense and orange flu-

orescence such as in the Ca2 dolomite (Upper Permian) in

borehole Ba 1/63 (Fig. 1A), which points to peak oil win-

dow with around 1.0% Rr (Table 2).

A limiting factor in applying Rock-Eval pyrolysis to

determine Tmax values, which in combination with HI val-

ues allow the determination of the organic matter type and

thermal maturity, is the partly few stylolitic clayey materi-

als. Accordingly, a mineral matrix effect can falsify the

Rock-Eval data which might be the case as for the Ca2

dolomite (Upper Permian) samples from €Uhrde quarry.

The Rock-Eval analysis of this stylolitic material resulted in

a Tmax value of 420°C (Table 2) which indicates immature

thermal maturities. However, the fluorescence intensity

and colour (Fig. 3D) resemble that in Barth case

(Fig. 1A).

Microstructural features

The investigated stylolites show different upper and lower

contacts to the host carbonate rocks. Tight carbonate areas

may occur above or below the stylolites (Fig. 2B,C). The

(A) (B)

(C) (D)

Fig. 1. UV illumination of selected samples

showing the occurrence of fluorescing organic

matter in the clayey stylolite interface. (A)

Sample Ca2-3. (B) Sample Chalk-1. (C)

Sample Schaumkalk-1a. (D) Sample Ca2-1.

Table 2 Carbonate lithology, organic matter, thermal maturity and maximum burial depth of the investigation material.

Sample no.

GFZ
sample

no.

TEM
sample

no. Stylolite

Carbonate
type of

host rock

Organic
matter

type

Thermal maturity of

organic matter

Vitrinite reflectance

Rr (%)

Chalk-1a G015404 4361 Horizontal,
upper part

Calcite II Early oil window ~0.5%

Chalk-1b G015405 4352 Horizontal,
lower part

Calcite II Early oil window ~0.5%

Schaumkalk-1a G015500 4282 Horizontal Calcite II (III?) Early oil window ~0.6% (Tmax: 436°C)
Schaumkalk-2a G015502 4284 Horizontal Calcite II (III?) Early oil window ~0.6% (Tmax: 436°C)
Ca2-1a G015406 4082 Horizontal Dolomite II Immature ~0.4–0.5% (Tmax: 420°C)
Ca2-1b G015407 4089 Perpendicular Dolomite II Immature ~0.4–0.5% (Tmax: 420°C)
Ca2-1c G015408 4178 Coarse-grained

matrix
Dolomite II Immature ~0.4–0.5% (Tmax: 420°C)

Ca2-1d G015409 4176 Fine-grained
matrix

Dolomite II Immature ~0.4–0.5% (Tmax: 420°C)

Ca2-2 G015410 4321 Horizontal Dolomite II Dry gas generation >1.5%
Ca2-3 G015412 4319 Horizontal Dolomite II Oil window ~1.0%
Ca1-1a G015416 4253 Horizontal Calcite II Oil window ~0.8%
Ca1-1b G015417 4244 Perpendicular Calcite II Oil window ~0.8%
Ca1-2a G015418 4257 Horizontal Calcite II Oil window ~0.8%
Ca1-2b G015419 4255 Perpendicular Calcite II Oil window ~0.8%
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tightened parts are composed of coarser-grained carbonate

cement (Fig. 3B,D). In contrast, fine-crystalline carbonate

parts underwent dissolution (Figs 2B and 3A,C). In the

investigated samples, stylolite formation is independent on

carbonate type and lithology, and occurs in calcite

(Fig. 2A,D) and dolomite (Fig. 2B,C). Interface features

at stylolites can be observed and are obvious when coccol-

ithophorides in Chalk get concentrated due to larger

(A) (B)

(C) (D)

Fig. 2. Stylolite appearance in the

investigation material – part 1. (A) Open

channels for transport of dissolved ions. The

channels are surrounded by tightened grey

carbonate areas. Sample Schaumkalk-1a.

View on bedding plane. (B) Tightened areas

due to precipitation (P) below the stylolite

interfaces and dissolution (D) above. Sample

Schaumkalk-2a. (C) Tightened areas due to

precipitation (P) above or below the stylolite

interfaces. Sample Schaumkalk-2a. (D)

Obvious concentration of microfossil

remnants above and below stylolites in North

Sea Chalk sample 1.

(A) (B)

(C) (D)

Fig. 3. Sample Ca2-1. Locations of focused ion

beam (FIB) sections are presented in Fig. 2B.

High-magnification scanning transmission

electron microscopy (STEM) images (high-

angle annular dark-field [HAADF] mode)

showing fine-grained dolomite matrix (A) and

coarse-grained dolomite (B). TEM Bright Field

images demonstrate dissolution of dolomite in

the fine-grained matrix above the stylolite

(Fig. 4C), and dolomite growth in the coarse-

grained matrix underlying the stylolite

(Fig. 4D).

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 909–924
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calcite crystals whereas the matrix made up of small calcite

crystals dissolved. The coccolithophoride particles are only

partly dissolved (Fig. 2D). However, dissolution in the

investigated Chalk sediments can occur above and below

the clayey stylolite (Fig. 2D). Different interface reactions

above and below a stylolite are well developed in the Ca1

carbonate in Luckenwalde (overview in Fig. 4A). In this

example, dissolution took place above the stylolite with

open pore space towards the overlying dissolved carbonate

(Fig. 4C), whereas an intact interface without carbonate

corrosion is maintained below the stylolite (Fig. 4B).

However, open and vertical pore space in the form of

channels can be also preserved in the centre of stylolites

from the Schaumkalk (Fig. 2A).

In stylolites, many features caused by organic–inorganic
interactions can be observed at the direct interface to

organic matter (Fig. 5). For example, initially precipitated

pyrite is surrounded by siderite ribbons (Fig. 5B), or pyrite

and siderite are intimately intergrown (Fig. 5D). Besides

their occurrence as single grains (Fig. 5E), TiO2 poly-

morphs can also occur as agglomerates of nanocrystals

(Fig. 5F). Clay minerals in stylolites are partly detrital

(Fig. 5A,B) or authigenic, and the latter can have an inter-

face with organic matter in the stylolite (Fig. 5C). How-

ever, in all organic matter-bearing stylolites open pores

exist both between minerals (e.g. Fig. 5D,E) and also in

organic matter (Fig. 5C).

An exceptional stylolite formation due to different calcite

crystal sizes is recorded in the Chalk sediments which is

characterized by the concentration of partly corroded micro-

fossils (Fig. 2D). Precipitation of exclusively micrometre-

sized calcite crystals took place above and below the stylolite

(precipitation above the stylolite demonstrated in Fig. 6E)

whereas below the stylolite a loosely packed matrix of coc-

colithophoride fragments prevails (Fig. 6D). This difference

could have also prevailed prior to stylolitization as stylolites

have been suggested to develop along textural discontinu-

ities. However, corrosion or precipitation of carbonate in

the Chalk samples is focussed to the direct stylolite contact,

and not observable in a distance of millimetres from the

clayey stylolite (Fig. 6B,C).

Hydrogeochemical modelling

To simulate calcite dissolution under a variety of different

pressure (P) and temperature (T) conditions, different sce-

narios have been calculated. The scenarios cover the P/T

conditions from 30 bar/75°C to 80 bar/300°C (Fig. 6),

and consider the approximate P/T conditions in a sedi-

mentary basin under hydrostatic conditions. Three differ-

ent scenarios have been calculated for the conceptual

addition of 0.1, 1.0, and 10.0 moles of OMP.

In scenario 1, the addition of 0.1 OMP moles into the

generic reactor does not cause significant calcite dissolution

(Fig. 7A). At 30°C 0.1 mmoles calcite is dissolved and dis-

solution increases to 0.3 mmoles at 80°C at 300 bar. The

low calcite solubility is coupled to a pH stability of 5.2–5.3
of the aqueous solution. The CO2(gas) concentrations in

(A)

(B) (C)

Fig. 4. Optical micrograph of sample Ca1-2

with location of FIB sections (b, c) (A). The

high-magnification scanning transmission

electron microscopy (STEM) images (high-

angle annular dark-field [HAADF] mode) show

dissolution on the upper side of the stylolite (C),

whereas an intact interface occurs at the lower

side (B).
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the generic reactor remain fairly constant, and a dissolution

from 0.1 to 0.3 mmoles occurs during increasing P, T-

conditions.

In Scenario 3, the addition of 10 moles of OMP is sim-

ulated (Fig. 7C). From 40°C/100 bar on calcite is pro-

gressively dissolved from 1.6 to 5.8 mmoles at 80°C at

300 bar. In contrast to scenario 1, pH is lower and slightly

decreases from 4.9 at 30°C/75 bar to 4.7 at 80°C/300
bar. In contrast to scenario 1, the CO2(gas) levels in the

generic are higher, and increase from 3.0 to 17.3 moles

(with constant low dissolution rates from 3 to

17.3 mmoles of CO2).

In scenario 2, 1.0 mol of OMP is added to the generic

reactor (Fig. 7B). At a temperature between 30–35°C and

at 75 bar, calcite is relatively stable (dissolution of around

1 mmoles of calcite). There is a break at 40°C and

100 bar when 29 mmoles calcite dissolve. With increasing

temperature and pressure, calcite dissolution remains high

(24 mmoles at 80°C/300 bar). In contrast to scenario 3

(Fig. 7C), the CO2(gas) concentrations are lower and

increase slightly from 2.4 to 5.3 moles during increasing

P, T from 40°C/100 bar to 80°C/300 bar.

DISCUSSION

In general, stylolite development is dependent on the car-

bonate type, and seems to be more developed (higher

amplitudes and thickness) in limestone than in dolomite

200 nm

Pyrite

Porous
OM

Calcite

Open
pores

TiO2

Pyrite

Albite

Fe, K-bearing
aluminosilicate

Siderite

Pyrite

K-feldspar
OM

200 µm
Siderite

1 µm

K, Fe, Mg-bearing
alumosilicates

Corroded
quartz

OM

500 nm

Calcite

Intimate coupling of
pyrite and siderite

K, Fe-bearing
alumosilicate

Albite

Open pores

Pores characteristic
of kerogen type III OM

Intimate intergrowth
of alumosilicates

200 nm

TiO2

200 nm

OM

Corroded
K-feldspar

Pyrite

Siderite
margin

(A) (B)

(C) (D)

(E) (F)

Fig. 5. High-magnification scanning trans-

mission electron microscopy (STEM) images

(high-angle annular dark-field [HAADF] mode)

about complex mineral reactions in stylolites due

to conversion of organic matter. Pyrite with

siderite margin occurs in clayey matrix together

with obvious corrosion of quartz and K-feldspar,

and authigenesis of clay minerals; sample

Schaumkalk-1a (A). Details about the stylolite in

sample Schaumkalk-1b pyrite (B) show pyrite

crystals surrounded by a siderite ribbon, and K-

feldspar corrosion in direct contact to organic

matter. A direct interface of porous organic

matter (OM) and growing clay minerals; sample

Schaumkalk-1a (C). A further direct interface

between the stylolite and the carbonate host

matrix demonstrates processes in a porous

interface where a pyrite–siderite nodule grew

and where albite corrosion took place in sample

Ca2-2 (D). In the stylolite of sample Ca2-2,

porosity is high, and porous organic matter

occurs besides a nonagglomerated titania crystal

(E). In contrast, agglomerated titania

polymorphs occur in sample Schaumkalk-1b and

indicate low pH (F).
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(Peacock & Azzam 2006). Moreover, carbonate texture is

assumed to play a major control as more serrate stylolites

are reported from grainstones and packstones in contrast

to wackestones and mudstones (Friedel 1995; Andrews &

Railsback 1997). The investigated stylolites in this study

occur both in limestone and in dolomite, and similarly ser-

rated stylolites occur in mudstones such as Chalk or the

Schaumkalk. However, all stylolites contain organic matter

of variable amounts, type and thermal maturity.

Organic matter-bearing stylolites occur in all investigated

samples with thermal maturities from immature conditions

to the dry gas window (Table 2). Accordingly, stylolitiza-

tion controlled by the release of OMP can start already at

thermal maturities of around 0.4% Rr, and is considered to

decrease with ongoing burial as the solubility of calcite and

other carbonate minerals is retrograde with respect to tem-

perature (Bjørlykke & Jahren 2012; Coto et al. 2012).

From early diagenesis to the beginning of the oil window,

organic matter is converted into CO2, CH4, H2 (Carr &

Williamson 1990; Payne & Ortoleva 2001a,b), significant

amounts of water (Vandenbroucke & Largeau 2007), and

acetic acid (and other LMWOAs, such as oxalic acid; see

also, e.g. Tissot et al. 1974; Surdam et al. 1989; Seewald

2003). A generalized sketch summarizing these processes

is presented in Fig. 8 as a H/C versus O/C diagram of

the atomic ratios. Accordingly, the diagenetic processes

create acidic and corrosive aqueous fluids (ACF) which can

dissolve carbonate (van Berk et al. 2015), especially at low

thermal maturities.

The released compounds are especially formed by terres-

trial organic matter (kerogen type III), but also by marine

organic matter (kerogen type II), and these generation

processes are reflected by the strong decrease of the atomic

O/C ratio until a thermal maturity of around 0.5% Rr

(Fig. 8) is achieved. Especially kerogen type III organic

material releases ACF over a broader maturity interval (also

beyond 0.5% Rr). The loss of, for example, oxygen in the

form of CO2 (10–105 mg CO2/g TOC) has been quanti-

fied using a natural maturity series of coals from New Zeal-

and (Rr = 0.2–0.8%; Vu et al. 2013), and the progressive

elimination of the C=O groups from ester and ketone

groups is regarded as the main reason (Rouxhet & Robin

1978). Additionally, many different low molecular weight

compounds have been detected by analytical pyrolysis to

simulate thermal degradation of kerogen (summarized in

Horsfield et al. 2006). It is furthermore important for the

interpretation of the results of this study to consider that

also acetate and acetic acid are generated from kerogens

during hydrous pyrolysis (Barth et al. 1989). Theoretical

considerations (which probably not reflect natural pro-

cesses) also point to water generation from kerogen

(Fig. 8). As water is needed for organic–inorganic

(A)

(D)

(E)

(C)(B)

Fig. 6. Thin section microscope image of

Chalk-1 sample (A) showing stylolite with

locations of FIB sections (B, C, D, E). FIB

sections show high-magnification scanning

transmission electron microscopy (STEM)

images (high-angle annular dark-field

[HAADF] mode). (B, C) A high porosity

prevails above and below the clayey stylolite

interface. Calcite crystals appear not corroded,

and fossilized coccolithophoride skeleton

particles are preserved. Below the stylolite (D),

calcite crystals appear noncorroded and high

porosity prevails. Less porosity occurs above

the stylolite (E) and calcite crystals appear

amalgamated due to calcite precipitation, and

remnants of coccolithophoride skeletons occur

at the direct contact to the stylolite.
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rock–fluid interactions, this self-reinforcing process is

mandatory for the availability of a water matrix for geo-

chemical reactions, and may lead to fluids with a high dis-

solution potential against carbonate.

Clay minerals are also considered to precipitate in stylo-

lites (Meike & Wenk 1988; Paganoni et al. 2016). Similar

phenomena have been observed, for example, in the inves-

tigated Schaumkalk samples (e.g. Fig. 5C). In this exam-

ple, new potassium-bearing aluminosilicate with low Mg

contents is intimately intergrown with organic matter. Cor-

roded K-feldspar (Fig. 5B) is considered to be due to the

activity of ACF sourced from the organic matter, and

points to a major control of clay minerals for stylolite for-

mation (e.g. Bjørlykke & Jahren 2012). Besides the

hypothesis that clay minerals in stylolites are residues left

by the dissolution of clay-bearing carbonate, one further

consideration refers to a more active control of clay miner-

als as catalysts for dissolution. This consideration is based

on the fact that H2O molecules may provide a water film

surrounding clay particles which might enable pathways for

diffusion of ions (Weyl 1959).

Dissolution of carbonate causes disequilibria of stable

rock–fluid systems and mass transfer either by migration of

aqueous solutions enriched in ions or by diffusion (depen-

dent on the permeability of the system). Safaricz &

Davison (2005) suggested strong fluid flows to transport

the dissolved solids (‘open pressure-solution system’), and

calculated a thirty-fold volume dissolution to create stylo-

lites in Cretaceous to Palaeogene North Sea Chalk (see

highly porous Chalk sediments in Fig. 6B,C). In contrast,

calculations by Bjørlykke & Jahren (2012) showed that

after burial to a depth without meteoric water inflow (and

without hydrothermal convection), the bulk chemical com-

position of a carbonate sediment remains constant due to

limited pore water flow. The authors, furthermore, stated

that thin clay laminae and stylolites limit the flow perpen-

dicular to bedding and by diffusion. The presented FIB-

TEM results demonstrate that porosity prevails within the

stylolite and along its boundaries (Figs 4–6) and that aque-

ous fluids enriched with ions from carbonate dissolution

can be transported. In any case, the presence of formation

water is essential as a hydrogeochemical reactor for dissolu-

tion. In contrast, carbonate dissolution is argued to be

retarded or completely depressed due to hydrocarbon fill-

ing, for example leading to porosity preservation in chalk.

Two potential factors probably can cause this effect: (i)

slow diffusion in the water phase or (ii) the adsorption of

polar hydrocarbons to the calcite surface (Fabricius 2007).

A minimum depth to cause carbonate dissolution for

stylolitization is still a matter of debate and has been

reported, for example, from 90 m depth (Schlanger et al.

1964), 500 m deep Chalk sediments in the Caribbean Sea

(Fabricius 2007) and 600–900 m deep carbonate reservoirs

in the Middle East (Dunnington 1967). In general, car-

bonate dissolution decreases with temperature, but

increases with pressure (e.g. Coto et al. 2012). In this

study, the temperature dependence of calcite solubility was

simulated by hydrogeochemical modelling the processes at
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Fig. 7. Results of the conceptual modelling approach about the release of

kerogen maturation products (KMP) forming acidic and corrosive aqueous

fluids (ACF) and causing calcite dissolution at variable temperature and

pressure conditions similar to hydrostatic conditions in a sedimentary basin.

To simulate calcite dissolution in a sedimentary basin, three different sce-

narios have been calculated for the conceptual addition of 0.1 mole

(Fig. 6A), 1.0 mole (Fig. 6B) and 10.0 moles (Fig. 6C) of kerogen matura-

tion products (KMP) into the generic modelling reactor. In each scenario,

the calculations have been carried out considering variable p, T conditions

which range from 30 bar/75°C to 80 bar/300°C. In scenario 1 and 3, the

respective addition of 0.1/10 moles KMP into the generic reactor does not

cause significant calcite dissolution independent on temperature and pres-

sure. In scenario 2, the addition of 1.0 mole of KMP initiates an increased

calcite dissolution at 40°C and 100 bar when 29 mmoles calcite dissolves.

With increasing temperature and pressure in scenario 2, calcite dissolution

remains high (24 mmoles at 80°C/300 bar). A balanced input of 1 mole

KMP causes the suitable conditions for calcite dissolution.

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 909–924

918 H.-M. SCHULZ et al.



an interface between a TOC-bearing clayey layer and a car-

bonate matrix. Accordingly, carbonate dissolution is ther-

modynamically favoured at temperatures exceeding at least

40°C (Fig. 7B) which corresponds to a depth of <800 m

assuming a geothermal gradient of 30°C/km and a mean

surface temperature of 20°C. As mean surface temperatures

during earth history temporarily may have been signifi-

cantly higher, a lower depth for the onset of stylolitization

can be assumed. However, this result is in agreement with

observations that stylolites are rare in carbonate rocks

which have not reached the thermal maturity of the early

oil window (around 0.5% Rr) during their burial history.

Thus, pressure due to burial depth might be a factor, but

the release of water during the pre- and early oil window is

an additional important factor as it forms the actual matrix

for the dissolution of acidic and corrosive compounds, and

as a reactor for such processes. In all calculated hydrogeo-

chemical scenarios, 45 ml of H2O is generated (results not

presented), points to a self-reinforcing process for styloliti-

zation and supports the suggested hypothesis that water is

an essential factor. However, a major finding of the mod-

elling results is that a clayey layer which is the reactor for

the release of water and soluble low molecular compounds

must contain a specific and balanced TOC content to cause

strong calcite dissolution. It was demonstrated by the

modelling approach that 1 mol of OMP causes strongest

calcite dissolution at temperatures exceeding 40°C and

pressures higher than 75 bar (Fig. 7B). Less calcite dissolu-

tion may be due to (i) relatively higher pH of the pore

water (at lower TOC contents), or (ii) less CO2 solubility

(due to conversion of higher TOC contents).

The onset and end of oil generation (oil window) are

dependent on the organic matter type. For example, type

II kerogen (marine organic matter) releases C6–14 hydro-

carbons in a maturity window between 0.6 and 1.3% Rr,

whereas nonhydrocarbons are released earlier (e.g. Stain-

forth 2009). The maturity interval around 0.5% Rr relates

approximately to subsurface temperatures of 60°C. Lower
temperatures of around 40°C, however, are suggested as

the transition temperature towards higher calcite solubility

in the generic hydrogeochemical interface model (Fig. 7B).

In summary, the temperature of 40°C (approximately 0.4%
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after Tissot & Welte 1984). Until hydrocarbon generation at approximately

0.5% Rr, the organic material mainly dewaters and releases significant por-

tions of CO2. This process continues for kerogen type III until approxi-

mately 1.0% Rr. Conceptually, carbonate can be dissolved during this

phase leading to clayey residues forming stylolites (red stylolitization win-

dow) as water as a matrix for geochemical processes is available and also

soluble carbon dioxide which may lower pH. Carbon dioxide in this diagram

also represents oxygen-bearing compound classes such as acids (e.g. acetic

acid) which may be regarded as soluble corrosive and acidic components.

The evolution path of the different kerogen types parallel to the y-axis and

to lower H/C ratios relates to the predominant release of hydrocarbons.
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Dissolution
products
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Fig. 9. Conceptual model about the formation of a horizontal stylolite in carbonate rocks due to the release of aqueous acidic and corrosive maturation products

of organic matter during the pre-oil window. (A) Situation before the release of pre-oil acidic and corrosive fluids from the organic matter-bearing claystone. (B)

Release of an aqueous fluid enriched in methane, carbon dioxide, molecular hydrogen and acetic acid. The underlying carbonate is dissolved. (C) Dissolved prod-

ucts of carbonate dissolution are transported upward by diffusion or by migration along permeable conduits and cause precipitation of carbonate. (D) Final stage

of the stylolite formation process.
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vitrinite reflectance, Rr) is the temperature threshold value

above which stylolite formation in carbonate rocks can be

stimulated due to the release of aqueous nonhydrocarbons.

However, also terrestrial organic matter (kerogen type III)

is capable of supporting stylolite formation in carbonates,

but is generally rare due to depositional conditions. Kero-

gen type III organic matter – in contrast to type II – gen-

erates predominantly nonhydrocarbons (Cooles et al.

1987) and is thus better suited to support stylolitization in

carbonates.

Carbonate reservoir rocks with locally increased porosity

are described, for example, from the Middle East

(Melville et al. 2004; Lambert et al. 2006). Theoretical

considerations implemented in hydrogeochemical models

came to the result that such locally enhanced porosity can

be result of acidic fluids that migrated as a pre-oil phase

through the reservoir (van Berk et al. 2015). These aque-

ous fluids have an acidic and corrosive character and may

cause calcite dissolution along their migration path fol-

lowing a decreasing pressure and temperature regime. In

contrast, processes in stylolites and at their interfaces to

the lower and upper carbonate matrix operate at much

smaller dimensions which is due to the thinner clay layers

and lower TOC amounts. Accordingly, these small ‘black

shales’ release only few aqueous solutions which are cap-

able of creating localized porosity leading to precipitation

at the opposite side.

CONCLUSIONS

The irreducible mineralization of organic matter is sug-

gested to be an important controlling factor for the devel-

opment of stylolites in carbonate rocks (Fig. 9).

The maturation of organic matter leads to the release of

an aqueous phase enriched in soluble CO2, CH4, acetic

acid and further LMWOAs. This aqueous solution has an

acidic and corrosive character due to its low pH and – after

expulsion – is capable to dissolve carbonate such as calcite

or dolomite at a temperature of approximately 40°C,
which may correspond to a depth of <800 m under hydro-

static conditions (given a geothermal gradient of 30°C and

a surface temperature of 20°C). Water that is also released

during maturation of organic matter acts as reactant, sol-

vent and matrix for the hydrogeochemical processes of car-

bonate dissolution and precipitation.

The clayey matrix of serrated stylolites in carbonates is

considered to be a micro-environment in which complex

organic–inorganic rock–fluid interactions take place. These

interactions are driven by the presence of water and its dis-

solved contents, and are finally mini-reactors in which trig-

gered thermodynamic instabilities tend to equilibrium. The

migration of the aqueous phase may be channelled in nar-

row tubes or along conduits with sufficient interconnected

porosity and permeability, or by diffusion. This process

may result in localized carbonate dissolution, and the dis-

solved ions precipitate nearby to balance this disequilib-

rium.

In the clayey matrix, mineral phases such as quartz or

feldspar may be corroded due to the changed hydrogeo-

chemical conditions (pH) and may lead to clay mineral

precipitation in close and genetic relationship to organic

matter.

All these processes require the generation of water from

organic matter maturation. However, during maturation,

also CO2, CH4, and LMWOAs are generated. These matu-

ration-dependent processes already take place during early

diagenesis at shallow depth, but are intensified during the

stage of pre-oil generation. The investigated sample suite

has left the early diagenetic stage and is – at minimum – at

the beginning of the oil window and beyond. Accordingly,

the described processes are one key factor besides hydro-

static pressure, and only the interacting combination of

both factors is finally capable to cause carbonate dissolu-

tion leading to horizontal stylolitic structures in carbonate

rocks. Similar processes can take place in sandstones with

clayey, OM-bearing intercalations leading to the generation

of corrosive and acidic aqueous fluids which cause dissolu-

tion of quartz, feldspar and other reactive minerals. And

last, but not least stylolitization by comparable processes

can also occur in vertically oriented, permeable conduits in

carbonates leading to vertical stylolites.
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APPENDIX

STEP 1 SCENARIO 1.0 MOLES OMP –
50DEGCELSIUS – 150 BAR

#---------------------- definition of additional

Acetate species from minteq.v4.dat

SOLUTION_MASTER_SPECIES

Acetate Acetate- 1.0 59.045 59.045

SOLUTION_SPECIES

Acetate- = Acetate-

log_k 0

H+ + Acetate- = H(Acetate)

log_k 4.757

delta_h 0.41 kJ

-gamma 0 0

# Id: 3309921

# log K source: NIST46.4

# Delta H source: NIST46.4

#T and ionic strength: 0.00 25.0

Ca+2 + Acetate- = Ca(Acetate)+

log_k 1.18

delta_h 4 kJ

-gamma 0 0

# Id: 1509920

# log K source: NIST46.4

# Delta H source: NIST46.4

#T and ionic strength: 0.00 25.0
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Na+ + Acetate- = Na(Acetate)

log_k -0.18

delta_h 12 kJ

-gamma 0 0

# Id: 5009920

# log K source: NIST46.4

# Delta H source: NIST46.4

#T and ionic strength: 0.00 25.0

K+ + Acetate- = K(Acetate)

log_k -0.1955

delta_h 4.184 kJ

-gamma 0 0

# Id: 4109921

# log K source: NIST46.4

# Delta H source: NIST46.2

#T and ionic strength: 0.10 25.0

SOLUTION 1

-pH 7.0 charge

-temp 50.0

-units mol/kgw

Cl 1.0

Na 1.0

REACTION_PRESSURE 1

150

EQUILIBRIUM_PHASES 1

Quartz 0.0 10

Kaolinite 0.0 10

Calcite 0.0 10

Anorthite 0.0 10

Albite 0.0 10

K-feldspar 0.0 10

SAVE solution 2

END

USE solution 2

EQUILIBRIUM_PHASES 2

Quartz 0.0 0.48

Kaolinite 0.0 0.48

Calcite 0.0 0.01

Anorthite 0.0 0.01

Albite 0.0 0.01

K-feldspar 0.0 0.01

REACTION_PRESSURE 2

150

REACTION 2

# OMP formation summarized by the overall reaction:

# R-CH2-CH2-CH3 + 4H2O = R + 2CO2 + CH4 + 5H2 (OMP);

Seewald (2003) and van Berk et al., 2009

CO2 1.9

CH4 0.9

H2 5.0

H(Acetate) 0.1

1.0 moles

GAS_PHASE 2

-fixed_pressure

-pressure 150.0

-temperature 50.0

CH4(g) 0.0

CO2(g) 0.0

H2(g) 0.0

SAVE solution 3

END

# ACF establish calcite saturation by the reaction

with sufficient amounts of calcite (saturation; SI

= 0) at at 40°C/100 atm

# before entering the carbonate reservoir rock

# OMP = 1.0 mol

USE solution 3

REACTION_PRESSURE 3

150

EQUILIBRIUM_PHASES 3

Calcite 0.0 100

Quartz 0.0 0.0 # potential newly formed mineral

Kaolinite 0.0 0.0 # potential newly formed mineral

GAS_PHASE 3

-fixed_pressure

-pressure 150.0

-temperature 50.0

CH4(g) 0.0

CO2(g) 0.0

H2(g) 0.0

END

STEP 2 SCENARIO 1.0 MOLES OMP –
50DEGCELSIUS – 150 BAR

#------------ 1.0 molal NaCl solution

SOLUTION 1

-pH 7.0

-temp 50.0

-units mol/kgw

Cl 1.000e+000

Na 1.000e+000

EQUILIBRIUM_PHASES 1

Calcite 0.0 100

REACTION_PRESSURE 1

150

END

STEP 3 SCENARIO 1.0 MOLES OMP –
50DEGCELSIUS – 150 BAR

# ACF (SI calcite = 0 at 150bar/50°C) enter the

carbonate reservoir
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# 1D advective transport through the reservoir at

decreasing pressure/temperature

#---------------------- definition of additional

Acetate species from minteq.v4.dat

SOLUTION_MASTER_SPECIES

Acetate Acetate- 1.0 59.045 59.045

SOLUTION_SPECIES

Acetate- = Acetate-

log_k 0

H+ + Acetate- = H(Acetate)

log_k 4.757

delta_h 0.41 kJ

-gamma 0 0

# Id: 3309921

# log K source: NIST46.4

# Delta H source: NIST46.4

#T and ionic strength: 0.00 25.0

Ca+2 + Acetate- = Ca(Acetate)+

log_k 1.18

delta_h 4 kJ

-gamma 0 0

# Id: 1509920

# log K source: NIST46.4

# Delta H source: NIST46.4

#T and ionic strength: 0.00 25.0

Na+ + Acetate- = Na(Acetate)

log_k -0.18

delta_h 12 kJ

-gamma 0 0

# Id: 5009920

# log K source: NIST46.4

# Delta H source: NIST46.4

#T and ionic strength: 0.00 25.0

K+ + Acetate- = K(Acetate)

log_k -0.1955

delta_h 4.184 kJ

-gamma 0 0

# Id: 4109921

# log K source: NIST46.4

# Delta H source: NIST46.2

#T and ionic strength: 0.10 25.0

#to print the calculated amounts of calcite in

different cells in an excel-file

Selected_Output

-file Scenario11.xls

-equilibrium_phases Calcite

#------------ Pore water prior to ACF infux (in

equilibrium with calcite)

SOLUTION 1

-pH 9.242

-pe -3.667

-temp 50

-units mol/kgw

C 9.561e-004

Ca 9.561e-004

Cl 1.000e+000

Na 1.000e+000

EQUILIBRIUM_PHASES 1

Calcite 0.0 100

Quartz 0.0 0 # potentially newly formed mineral

Kaolinite 0.0 0 # potentially newly formed mineral

REACTION_PRESSURE 1

150

REACTION_Temperature 1

50

GAS_PHASE 1

-fixed_pressure

-pressure 150.0

-temperature 50.0

CH4(g) 0.0

CO2(g) 0.0

H2(g) 0.0

SOLUTION 0 #Influx of ACF (SICalcite= 0) generated

at 85°C/305 bar from 1.0 mole OMP

-pH 4.127

-pe -1.433

-temp 50.0

-units mol/kgw

Acetate 9.572e-002

Al 1.886e-005

C 2.671e-001

Ca 2.697e-001

Cl 9.572e-001

K 1.237e-002

Na 4.630e-001

Si 1.693e-004

ADVECTION

-cells 1

-shifts 1000

END
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