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Abstract

Styldlites are spectacular rough dissolution surfaces that are found in many rock types.
They areformed during adow irreversible deformation in sedimentary rocks and therefore
participate to the dissipation of tectonic stresses in the Earth’s upper crust. Despite many
sudies, their genesisis il debated, particularly the time scaes of their formation and the
relationship between thistime and their morphology.

We developed anew discrete smulation technique to explore the dynamic growth of
the sylalite roughness, sarting from an initidly flat dissolution surface. We demondrate that
the typica steep stylolite teeth geometry can accurately be modelled and reproduce natura
patterns. The growth of the roughness takes place in two successive time regimes i) an initia
non-linear increase in roughness amplitude that follows a power-law intime up toii) acritica
time where the roughness amplitude saturates and stay's constant. We dso find two different
gpatid scaing regimes. At smdl spatia scaes, surface energy is dominant and the growth of
the roughness amplitude follows a power-law in time with an exponent of 0.5 and reeches an
early saturation. Conversdly, at large patia scaes, dadtic erergy is dominant and the growth
follows a power-law in time with an exponent of 0.8. In this adtic regime, the roughness
does not saturate within the given smulation time.

Our findings show that a styladlite' s roughness amplitude only captures a very sl

part of the actual compaction that arock experienced. Moreover the memory of the
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compaction history may be lost once the roughness growth saturates. We aso show that the
gylolite teeth geometry tracks the main compressive stress direction. If we rotate the externa
main compressive sress direction, the teeth are aways tracking the new direction. Findly, we
present amodel that explains why teeth geometries form and grow nontlinearly with time,
why they are relatively stable and why their geometry is strongly deterministic while their
location is random.

1. Introduction

Dynamic roughening of interfacesis an important research topic in many scientific
disciplines. A naturd and spectacular example of such processes are tylalites, pairs of
dissolution surfaces facing each other, that are found in many rocks, mogly in limestones, and
which are often used for ornamental stone. A characterigtic feature of sylolite interfacesis
their pronounced roughness with "teeth”- or "pen'-like geometries[stylus = pen, 1-5]. The
dark resdua materid that is collected within the stylolite conssts mostly of day particles [6].

Syldlites have mainly been described quditatively in Earth Sciences so that dynamic modes
of their growth and scaing properties are only now emerging [6-:8]. However, the
development mechaniam of their teeth-geometry, with peculiar square pesks (Fig. 1), isup to
now not understood.

Syldlites tend to grow perpendicular to the maximum compressive dress direction,
and exhibit a pronounced roughness on severa scdes [3]. Teeth like pesks develop with sdes
oriented sub-pardld to the maximum dress direction (Fig. 1)[ 9]. The orientation of Sylolites
and ther tegh is commonly used by geologigds as an indicator for the direction of the
maximum compressive gress [1012] and the amplitude of the dgyldite roughnes is
sometimes used as a direct estimate of the compaction that the rock underwent [13]. We use
compaction here not only for a reduction in porosty of a rock but dso for a veticd
shortening of the rock due to the weight of the overlying sediments. Studies on the vdidity of

these “rule of thumb” methods of compaction estimates are dearly mising, and the reason for
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this is probably the complexity of the devdopment of dyldites. Since ylolites are 0
complex, there is aso an ongoing debate in the literature about ways to classfy them.

These fetures grow as a function of physcd and chemicd interactions and it is not
essy to sudy them experimentdly [14] nor in numerica modds [6]. However, experiments or
numericd modeds are needed since field observations done cannot ducidate the dynamics of
the roughening process but only represent sngpshots & a given time. Eally works in Eath
Sciences cdassfy gdylolites according to their shgpe usng quditative methods [3]. However,
this dasdfication cannot successfully encompass dl stylolite patterns, which can be found in
numerous rock types and on a large range of scaes [1-3]. Also, these classfications are often
not rdaed to any specific maerid parameters, scding properties or growth conditions. More
promisng methods use quditaive descriptions of the dylolite roughness suggesting thet they
ae fractd aurfaces [7,15 and <df-affine sructures [6,8,14]. Here we present new
microdynamic smulaions of dylolite roughening that dlow us to explore the dynamics of the
dress induced roughening process in time and gpace, illudrate gdylolite geometries that
devdop at different scdes and propose a processbased explandion for the growth of dylolite
teeth. These amulaions are based on firg principles of physcs and chemigry, without any ad
hoc phenomenologicd eguation. 1t should dso be undelined thet contraily to previous
linearized modds [6,8], the modd used here dlows the exploration of the fully developed
dructures, i.e they take into account both, the noninearities of the system that can be
associated to large departures from flat surfaces and the solid-solid contacts occurring through
the dyldlite
2. Thenumerical model

We gart with an initidly flat interface where dissolution can take place and the solid
can only disolve and not precipitate. The fluid isinitidly in equilibrium with the solid but
becomes undersaturated when the solid is stressed. This flat interface may represent an initia

“anticrack”, that is assumed to represent the dylolite a an early stage of formation [16,17].
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The model istwo-dimensond and it assumes tha everything that dissolves dong the
interface is trangported ingantaneoudy in the fluid out of the system, i.e. thet diffusonin the
fluid pocket is not limiting the process, but happens at a much fagter time scde than the
dissolution itsdlf. Accordingly, the fluid has a congtant solute concentration. The gpplied
boundary condition is a congtant displacement rate that resultsin an average stress across the
interface. Dissolution is fast enough to relax the stress at the interface so that stresses do not
accumulate during a smulation run. Therefore the constant displacement rate boundary
condition can be seen as an equivaent to a congtant load boundary condition. The modd is
part of the moddling environment "Elle’ [18].
The setup of the modd is asfollows: two solids are pressed together with a confined fluid
layer in between them (Fig. 2). The right and left hand side of the modd are fixed through
elagtic walls whereas the lower and upper walls of the modd are moved inwards a a congtant
displacement rate. The solid is made up of small particles that are connected vialinear dadtic
springs dong atriangular lattice. These dements can represent either asingle grain or a pack
of smdler grains. At ascde larger than the grains, this network behavesin a classca
elagtodtatic way.

2.1 Thermodynamics and kinetics of stylolite dissolution

Dissolution of the solid takes place in smd| steps dimensoned in such away that one
single dement or paticle of the solid is dissolved at every step. Dissolution follows asmple

linear rate law
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where D isthe dissolution velocity of the interface (m s2), k adissolution kinetics rate
congtant (mol m? s%), V the molecular volume of the solid (i mol™), R the universal gas

constant (Jmol™ °K™), T the temperature (°K), Dy (J m®) the changesin Helmholtz free

energy of the solid during dissolution of asolid dement, and Ds | (Pa) the normal stress
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gradients dong the interface [further details of the derivation are givenin 19,20]. The

Helmholtz free energy takes into account the variationsin eastic and in surface energy.
Changes in surface energy are caculated from the curvature of the interface. The
surface energy (E®) per area unit around asingle element located a the interface can be

expressed as
SEES @
p
where g isthe surface free energy and r isthelocdl radius of curvature of the interface. The
loca curvature is determined using the two neighbours of each dement dong the interface.
The dgn of the curvature r is such that the interface will become flat. We perform an average

across the interface using the loca surface energies of eements and those of their neighbours

(up to n =40 in each direction) with the expresson

EiS+j- h _ (3)

where E™ is now the average surface energy for elementi, E;’ theloca surface energy for

dementi,and E° . , surfaceenergiesof neighbouring eements aong the interface, and

i+j-h

2
C= pT - % » 0.578512 isanormadlization factor that ensuresthat the average surface

energy on dl Stesis preserved in this averaging procedure. The loca surface energies are
divided by the sum of added dements and their maximum distance (divided by the initid
radius of curvature of a particle). This averaging procedure amounts to consider a coarse-

grained surface energy, at the scale of afew dements, and dlows to avoid artefacts that could

arise from the discreteness of the modd. In thisway, asingular loca term E,*obtained & a

corner of the interface is smoothened for E.*** over aneighbourhood of afew grains. This
procedure is commonly used in computationa physicsto avoid discreteness artefacts [21,22).
The above expressionis equivaently represented as a discrete convolution operation

-5-
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-¥<j<¥
with atent function shown on Fig. (2a),

14 1
f.=—a for j1 0,adf, =f. 5
J Ck:|j|(2k+l)2 J 0 1 (

Keeping theterms up to n =40 inthissum, i.e. dl termsin the sum of Eq. (4) for | j |< 40, we
are left with an error of only 2% in the tail of the weight function. The vaue of the
normalization constant C is obtained by requiring that the average coarse grained surface

energy isequd to the average local surface energy, i.e. it is Set up by the condition thet

af =1 ©)

2.2 Mechanics

The dadtic energy and the normd stress a the interface are determined using a lattice
spring mode for the solid where elements are connected by linear elagtic springs. We assume
that the solid deforms only eadticaly without internd plastic deformation, except for the
irreversible dissolution events hgppening a the moddled interface. Stresses in the solid are
determined using an over-reaxation agorithm where e ements of the mode are moved until a
new eguilibrium configuration is found. The equilibrium configuration is defined by agiven

relaxation threshold. The net force (F, ) acting on an dement i & postion X, is

Fi:é.kqxi- Xj|'|)vi,J+fp’ @
(0

where the sum is over dl neighbours j, K isaspring congtant, | isthe equilibrium distance
between elementsi andj, v, ; isaunit vector pointing fromj toiand f isanexternd force
like the repulson from awall.

Thedastic energy ( E®) isdirectly evauated & anode i as
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where V =4/3/ 212 isthe volume of an eementary cell. It can aso be determined from the

sraintensor (U, ) that is caculated from the lattice sporing model with the expression [23]

g 1 & 6’ 2
E® ==| ca Ui+ +I 25. (uik) ) ©
2°¢e o ik
where |, and | , arethe Lamé constants. We use the Einstein convention with summation
over repested indices. Differences in dastic energy in equation (9) refer to differences

between a stressed and a non-stressed dement. The Lamé constants are set up by the spring

constant, the |attice congtant and the triangular |attice configuration, i.e. | | = «/§k /(2]) and

|, =~3k /(41) , or equivaently, the Young moduiusis K =1, +21 ,/3=2k /(-/), and the
Poisonratioisn =1, /(21 |+ 2 ,) =1/3 [24].

Findly the normad dress at the interface is determined from the repulsion of the two solids at
the interface where the repulson only contains norma components, assuming that afluid film
with no shear stressexigs @ the interface [25]. In order to calculate changes in normd stress
aong the interface we calculate an average of the norma gtress across the whole interface and
define differencesin sress asthe local norma stress minus the average norma stress.

The smulation flow isasfollows:

- Firg the outer wals are moved in a given time step to stress the system.

- Oncethe upper and lower solids meet at the interface stress builds up. Therate law
(eg. 1) isthen usad to caculate if ements can dissolve in the given time gep. If not
the system is stressed again until the first ement can dissolve.

- Once dements dissolve they are removed one at atime and the stressiis caculated
again. Thetimethat is used up by the dissolution of asingle dement is averaged to be
the time it takes to dissolve that element completely divided by the system sze

(number of ementsin the x-direction). Dissolution of ements proceeds until the

-7-
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giventimeis used up and another deformation step is gpplied. Using a desktop
workgtation, each smulation lasts between 10 and 30 days; the stress relaxation being
the mogt time consuming part.

2.3 Smulation parameters and disorder

The parameters used in the smulaion should mimic those of the natural example (fig. 1).
For our idedlized modd we use arock mainly made up of cacite with amolecular volume of
0.00004 m¥mol, a Y oung’s Modulus of 80 GPa, a Poisson’ s ration of 0.33 (given by the
mode configuration), asurface free energy of 0.27 In¥, atemperature of 300 K and a
dissolution rate constant of 0.0001 mol/(nf's) [8]. In addition, the diisplacement rate of the
upper and lower boundariesisfixed at a congant vaue corresponding to Strain rates of
compaction between 10 and 10% s (see fig. 2). Average meen stresses that build up in the
modd reach vaues of about 20M Paand remain congtant during a smulation run.

In order to introduce heterogendities to the sysem abimoda variation is set on the
dissolution rate congtants of the eements. The heterogeneity in the system is set such that 5%
of al eements have a dissolution rate congtant thet is half the rate congtant of the other
dements i.e they dissolve dower and pin the surface. The initid spatid digtribution of the
rate congtants is set using a pseudorandom routine resulting in a probability of 5% of partides
dissolving more dowly, picked independently for each site. Using this procedure, a soetiad

heterogeneity, dso caled quenched noise, isintroduced in theinitid rock.

3. Results

3.1 Smulated stylolites and comparison with natural data

At first we compare asmulated stylolite directly with anatural example. Figure 3
shows asmulation of aroughening stylolitein amodd thet is 400 dements wide and that has
an absolute horizontal Sze of 40 cm. One dement in the modd then has a diameter of 1 mm

and may represent asingle grain in anaurd rock. We can compare the smulation with the
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naturd ylolite shown in figure 1, especidly with the inset. The smulated stylolite has a
width that is aout 2/3 of the width of the naturd stylolite in the inset (see the hammer for the
scae).

The smulated stylolite develops in 8000 years a a compaction rate of 3x10™?s™ and
has compacted by 25.6 cm or 64% (origind height of the smulated box was 40 cm). Both
smulated and naturd styldlites are visudly very smilar. They both produce pronounced teeth
with smaler scae roughness in between and on top of the teeth. The height of the teeth (up to
about 8 cm) and their width are comparable in the naturd and the smulated stylolite implying
that both have smilar scding properties. The grain size of the Smulated example (Imm) is
larger compared to naturd rocks, mainly because we are limited by the calculation time of the

modd.

3.2 Initiatio n of the stylolite roughness by interface pinning along heterogeneities

The dylalite roughnessisinitiated by €ements that dissolve dower. If the modd

contains no heterogeneity the interface will only become rough on the scale of single eements

and remain flat on the larger scale. Thisis because surface energies and eagtic energies are
minimized when the surface isflat. Therefore, both of these energies will prevent the surface
to roughen and the stylalite to grow [8]. Once the system contains heterogeneity, dower
dissolving dements continuoudy pin the surface and thus make it rougher (Fig. 4).

Dissolution takes alonger time to destruct aroughness that is pinned by dower dissolving
elements than to flatten an interface with no variation. The roughnessis not stable but very
dynamic in time since an increasing amount of more dowly dissolving eements are pinning
the interface while the solid progressively dissolves. However, the dower dissolving dements
themsalves may dissolve aswdl if the roughness produces localy very high surface energies
due to a grong curvature of the interface or high eagtic energies due to stress concentrations
or if two dower dissolving eements meat on opposing interfaces. Dissolution of pinning

elementswill then reduce the roughness again.
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An example of the development of the roughnessin asmulation and the effects of
interface pinning isillusrated in figure 4. Figure 4a shows the initid random digtribution of
dower dissolving dements (smdl dark spots). This heterogeneity isfrozen into the system at
the beginning and does not change during a smulaion (quenched noise). The interface where
the syldliteisinitiated is shown as a black line. While the solid dissolves, pinning dements
are progressively being collected within the interface (smal white pats, fig. 4b to d).

Two end-member patterns develop during the pinning of the interface. On one hand,
one or acouple of dements pin very locdly and produce local spikes. On the other hand,
larger parts of the interface may be pinned between two elements that are further gpart. These
second pattern generates the teeth geometries, typical of sylolites, with teeth having various
widths

Figure 4eillugtrates three different cases of pinning schematicaly. Single pinning
elements produce spikes whereas two pinning elements that pin from the same side produce
teeth. The structures grow fastest when eements pin from opposing Sides. The interfacesin
figures 4c and 4d illugtrate the teeth-forming processes presented in figure 4e: theinterfaceis
made up of single pinning dements, larger teeth where groups of dements pin and steep
interfaces where eements pin from opposing sides. The surface structure changes when new
pinning eements are collected within the stylolite and when pinning e ements are destructed.
The amplitude of the stylolite grows during these processes (from figure 4b to d) and the
waveength of the interface is dso evolving. Smadl wavelengths can grow very fast (figure 4c)
whereas the larger wave engths need longer time to develop (figure 4d).

Figure 5 shows the evolution of the growing roughness of two stylalites through time
in 3D diagrams where the x-axis shows the amount of dementsin the x direction, the y-axis
corresponds to the time in modd time-steps (here one step corresponds to 20 years) and the z-
axis shows the non-dimensiond height of the stylolite. The parameters for the two stylolites

shown in figure Saand 5b are the same except for the absolute length (and height

-10-
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respectively). The stylolite shown in figure 5a has an xdimension of 0.4 cm wheress the
gylalite shown in figure 5b has an xdimenson of 40 cm.

The differencesin absolute initid system size L have an effect on the dominance of
elagtic versus surface energies during the roughening process. Surface energies become
increesingly more important towards smaler scaes. This meansthat the stylolite in figure 5a,
whichisrdaively smdl (L = 0.4 cm) with asmal grain Sze of 10 mm, isdominated by
surface energies so that dagtic energies only play aminor role. The stylolite shown in figure
5b however isrdatively large (L = 40 cm) with alarge grain size of 1 mm <0 that the dagtic
energy dominates the roughening process and surface energies only play aminor role

When comparing figures 5a and b (note that the zaxis scaes differently, one unit
corresponds to 0.4 cmin @) and to 40 cm in b)), one observes that the roughness forms better
developed teeth with steep sSdes in the case of the larger Sylalite (fig. 5b). The roughness of
the amdler syldlite (fig. 58) is not growing smoothly but is disrupted quite often and
produces neither large amplitude nor well-developed teeth. In addition, the larger Syldlite
(Fig. Bb) grows progressively while the smal stylolite (Fig. 5a) shows aninitia increasein
roughness that is followed by strong fluctuations in time, where the average roughness
amplitude remains more or less congtant. These roughness evolutions imply that pinning
elements are destroyed when surface energy is high because of very high curvatures of spikes.
Theinterface of the surface energy dominated stylolite therefore contains no larger spikes or
teeth and is quite dynamic. Elagtic energy on the other hand does not destroy spikes easily.
Therefore well-devel oped teeth structures tend to arise in larger sylolites at the outcrop scae
when surface energy is relaively unimportant, whereas we would expect to find lesswdll-
developed teeth but rounder sructures on the scae of a thin-section, where surface energy is

important. In addition we can expect that the crossover between the dagtic and the surface

energy dominated regimes shiftsif the stylolite experiences a different sress or if dadtic

congtants or surface energies of the host-rock are different. High stresses, for example, will

-11-
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result in high eastic energies so thet the eadtic energy dominated regime shifts towards
smdler scdes[8]. This effect may be visble in naturd stylolites, especidly when stylolites
grow inrockswith very different eagtic properties or surface energies. However, further
amulations are needed in order to quantify these relations.
In order to explore the evolution of the roughness amplitude with time, we use sgna-
processing tools from satistica physics[26], asilludrated in the next section.

3.3 Growth of the roughness with time

The dynamics of a surface roughening process can be described by some basic scding
laws that are the same or at least very similar for different interfaces and surfaces (aseg., os
fluid interface motion in non-saturated porous media, propagation of flame fronts, alomic
deposition processes, bacteriad growth, erasion or dissolution fronts, contact line motion
biphasic fronts over disordered pinning subdtrates, interfacid crack fronts). Theselaws,
discovered by datistical physicigts, describe how the amplitude of the roughness grows nor
linearly with time, following power laws[26-29].

Firg we have to define an average va ue for the amplitude of the roughness of our
numericd stylolites for each time step. We use the root mean square method to determine the

average width of the stylolite roughness following [26]

W(L1)® \/%a [h.0)- AT (10

where w is the interface width as a function of sysem size L and timet, h is the heght of
point i on the interface at time t and h the average height of the interface a timet. This
function gives an average width of the interface for each time step t and therefore
characterizes the growth of the roughness. In our smulations, the sysem size L is defined as
the number of eements in the x-direction. We use modd szes of 200 and 400 dementsin the

x-direction. The average height of the interface is defined as

-12-
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Satigicd physcs scaing laws[26] have demondtrated that, in many stochastic
interfacial systems, roughening interfaces grow following a power law in timewith aso

cdled growth exponent b. Thisis described by

wL,t)~t", (12)
where the interface width w is proportiond to timet to the power b, for agiven sysem szel.
If b =1.0, the interface grows linearly with time, if b is smaler than 1.0 the interface growth
dows down with time. Normal diffusion processes are characterized by b =1/2, anomaous
diffusonprocessesby b * 1/2, and O£b £1 . Inaddition, for most stochedtic interfacia
systems the width of roughening interfaces saturates after a critica time tyit. Thistime
increases with the sysem size L.

When moddling the growth of stylolites, one can expect two scding regimesin time,
first a power law up to time t.; followed by aregime where w remains constant (Fig. 6a). In
order to study the dynamics of the roughening process one congtructs diagrams of 1ogo(wW)
agang logo(t). Theincrease in width of the interface roughness should follow atraight line
where the dope of theline gives the growth exponent b. After acriticd time tqi; the
roughness saturates and the dope vanishes to zero (Fig. 6a).

We dudied three smulaions (Fig. 6b-d) with this method, where the Smulaion
shown in figure 6b hasasysem sizeL = 0.4 cm, the Smulation shown infigure6chas L = 4
cm and the one shown in figure 6d has L = 40 cm. Figure 6b and 5aand figure 6d and 5b
show the same smulations, respectively. The smulated ylolite shown in figure 6b shows the
expected behaviour with two scaling regimes, the roughness first grows with aroughness
exponent of 0.5 and saturates after 2500 years, where it remains constant close to a value of
50 nm. Going back to figure 5awhere the growth of the same syldliteisillustrated in 3d, the

roughness saturates after 2500 years, which corresponds to modd time step 125. Figures 6¢

-13-
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and d show only thefirgt scaling regime where the increase in roughness amplitude w follows
apower law, but w never saturate. That means probably that these two smulations (Fig. 6¢, d)
did not reach the criticd time needed for the roughness to saturate. Taking alook at figure 5b
where the growing roughness of the stylalite shown in figure 6d is illugtrated, the roughness
width till growsi.e. is not yet saturated.

The three gyldlites shown in figure 6b-d seem to have different critica times when the
roughness saturates but dso their growth exponents vary. b increases from the smallest
amulation (fig. 6b) with avaue of 0.5 through the medium-szed smulation with a vaue of
0.54 to the largest amulation with avaue of 0.8. These differences may reflect differences of
growth regimes that are dominated by ether surface energy or by eadtic energy, in andogy to
the discusson on figures 5a and b. The surface energy dominated growth regime (smdl
ylolite, fig. 6b) has a growth exponent of 0.5 and saturates rdatively early. The sylolite
shown in figure 6¢ isintermediate, the growth exponent is still smal with 0.54 but the
roughness does not saturate within the smulated time. The largest syldlite (fig. 6d) hasa
significantly larger growth exponent of 0.8, does not saturate, and represents the dagtic
energy dominated regime.

In terms of naturd stylolites the above-mentioned vaues demondrate that smal
stylalites that grow within the surface energy dominated regime grow as dow as a diffusive
process (exponent of 0.5) and saturate early so that compaction estimates are amost
impossible. However, stylolites that grow within the dagtic energy dominated regime grow
faster (exponent 0.8) and do not seem to saturate after 8000 years. They can thus capture part
of the compaction of the rock even though ther growth is non-linear, and dows down with
time. Consequently, rather than using arule of thumb as a direct proportiondity between A,
the amplitude of compaction displacement accommodated for around a stylalite, and the

ylolite amplitude w, the nonlinear power-law observed for this process where the imposed
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displacement is lineer in time can be utilized to be stated as (w /1) ~ (t/t,)" ~ (A/1)°, with
| the rdevant physica length, which isherethe grain size.

Conversdy, for large enough stylalites, as long as the criticd saturation time has not
been reached at the observed scae, the relationship between the total compaction

digolacement A and the stylolite amplitude should be of the type

A~ (w/)Y°1. 13
Thislaw should hold until the criticd saturation time is reached. Using the proposed scaing
law for the large Smulation (L = 40cm) we obtain the right relation with adope of 6.6 (Fig.
7) using the root mean square width and agrain size of 1mm. The gylolite amplitude may
findly saturate, but this seems not to hgppen in 8000 years for the case of the 40 cm long

sylolites that we have studied.

3.4 The teeth structures and their relation with the main compressive stress direction

After characterizing the dynamics of the growth process, we now focus on the
orientation of the styladlite teeth. We have demondrated so far thet the teeth mainly develop in
the regime where agtic energy is dominant so that well-developed teeth form inthe sylolite
amulation with a sysem sze L = 40cm. The steep sSdes of the teeth are thought to develop
parald to the main compressive stress and the top of the teeth is thought to be oriented
perpendicularly to that sress direction.

We test this hypothess that the teeth track the arientation of the largest principa
dress. For the test, we choose again amodd with aninitidly flat dissolution surface thet is
oriented horizontaly with respect to the smulation box but we rotete the compresson
direction so that the stress fidd rotates. Theoreticdly, the teeth should follow the rotated
dressfield so that one can evauate the direction of the main compressve stress using the
teeth orientation. We use smulations with a system size of 200 dementsin the x-direction

with an absolute size of L = 10 cm so that we are in the dagtic regime.
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The results of the 5 different Smulations are shown in figure 8 a-e where the
orientation of the compression direction is shown on the left hand Sde. Indeed, the teeth do
follow the sress directionsin al the examples. The sides of the teeth are the best Sress
direction indicators but even the tops of some teeth tend to orient themselves with respect to
the stress. The most extreme example is shown in figure 8e where the compression direction
has avery low angle with respect to theinitiad horizonta heterogeneity. Theinitidly
horizontal surface has vanished and a stair -step geometry devel opswith steps thet are oriented
perpendicular with respect to each other. One set of surfaces corresponds to the sides of the
teeth and the other st to the top surface of the teeth.

These smulations demondrate that stylolite teeth indeed track the direction of the
main compressive stress and can theref ore be used as stressindicators in natural rocks. One
has to note however, that thisis only the case when the stress field does not rotate during
dylolite growth and the stress history is not complex.

3.5 Model for the deterministic orientation of stylolite teeth

Our smuldions have shown that well-developed stylolite teeth only tend to develop in
the dagtic regime (Fig. 5). In order to understand the relation between the compaction
direction and the orientation of the sylolite teeth, we condder the stress didribution a the
interface and the finite compaction. The sressfield at the interface for agiventime sepis
directly controlling dissolution. However, just observing the stress fidd across astyldlite for a
sngletime step is not enough snce dissolution and thus a change in the geometry of the
interface influences the stress back, dissolution and stress being highly coupled. Therefore we
aso have to consider the whole stress history and the finite compaction across the interface.

Going beck to figure 4, one can observe that the location of the teeth is random
because it depends on the quenched noise in the background. The second smple obsarvation
isthat the finite compaction is directly recorded by the pinning of particles (Fig. 4). Aslong

asthey pinthe interface, they move in the direction of the compaction, whichis parald to the
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far field compressive stress for a smple homogeneous rock. This scenario does not change
when the compaction direction and thus the main compressive stressis not perpendicular to
theinitid interface (Fig. 99). Finning particles il record the rotated compaction direction
because they movein that direction. If two pinning eements are close but on opposing Sdes
of the interface they move in opposite directions and a perfect Sde of atooth develops
recording the compaction direction. If thisdirection is pardld to thefar fidd man
compressive gress, the sylolite aso records this stress direction.
Looking at the movement of awhole interface (Fig. 9b), one can see that the total amount that
the interface may move perpendicularly to itself depends on its orientation with respect to the
compaction direction. An interface that is oriented perpendicularly to the compaction
direction can have the largest fluctuations and thus produce a roughness with the largest
amplitude. An interface thet is oriented a a smdler angle to the compaction direction will not
develop importantly in the direction perpendicular to itsdlf. If particles are pinning this
interface, it may actualy develop steps. The most extreme caseis an interface that is oriented
pardld to the compaction direction. This interface shows no fluctuations and thus cannot
develop aroughness. It cannot even develop steps because particles cannot pin thisinterface.
Theinterface is very stable and can only act as atransform fault. Therefore the Sdes of teeth,
which reflect such an interface, are very stable and the teeth geometry itsdf isanaturd
consequence of the compaction direction (Fig. 9¢). Strongly pinning particles are not even
necessary for the development of these geometries. Some pinning or avariation in dissolution
across the interface is necessary for aroughening of the interface, but once this roughnessis
initiated and far large scales where the surface energy is not dominant, the typical teeth
geometries develop and stay stable without much flickering, i.e. they are strongly
determinigtic.

Looking at the stress history, we aso show that the main compressive stress close to

the syloliteis pardld to the main compaction direction. An interface perpendicular to the
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main compaction direction has asgnificantly norma stress component and experiences
dissolution. For an interface pardld to the main compressive stress, dissolution will only

relax the second principle stress thet builds up in alaterdly confined system. The second
principle stress will vanish to zero and in the extreme case a hole can develop. Compaction
itself cannot fill the hole because the compaction has the wrong direction. The only possibility
to build-up stress again isaflow of materid into the hole or a collgpse of the teeth. Looking at
the gress higtory, the main compressive stress close to the stylolite and the direction of the
finite compaction are pardld. Indeed, the styladlite teeth track this direction.

4. Discussion

In this discussion we firgt focus on severa assumptions used in the smulations. The
focus of these smulationsis the roughening process of an initidly smooth interface, not an
invegtigation of the reason why the dissolution islocdized. Therefore we use an initidly flat
interface were dissolution starts and redtrict dissolution to this stylolite surface. Some
obsarvations in naturd rocks support such a scenario: First, ome styldlitesdo initiate from
mica-rich layers. Next, some stylolites with oblique teeth do exist. Stylolites with oblique
teeth are mogt probably initiating from an interface that was oblique with respect to the main
compressive stress direction when the stylolite roughness started to grow. However, surely
not dl ylolites gart from given heterogeneities but may localize due to geochemicd sdlf-
organization [30] or anti-cracking [16]. Thisis beyond the focus of this current manuscript.

In our amulations, we use asmple description of the noise thet initiates the
roughening process. As mentioned earlier, the noiseis only chemicd (avariaionin
dissolution congtants), is st on single particles that have the same sze and is distributed with
abimodd digtribution. In ared rock, dagtic properties and surface energy may aso vary, the
noise may be on the grain scale or at the scale of smdler heterogeneities and the distribution
may be more complicated than bimodal. It is not clear how varigions in these parameters may

affect the stylolite growth and what kind of noiseis present in aredl rock. The nature of the
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noise may influence pinning of the surface and thus may influence the growth and structure of
the stylalite [31]. However, since our Smulations can reproduce naturd stylolites quite
redigticdly, one can argue that the exact nature of the noise islessimportant than the effects
of elagtic energy, surface energy and stress.

The callection of dowly dissolving partidles within the sylolite interface can have two
additiond effects: a mechanica change of the interface and a chemicd effect that enhances
dissolution kinetics. We have not yet taken these possibilitiesinto account. A changein the
properties of the interface may theoreticdly change the growth rate of the stylolite amplitude.
However, recent smulations that we performed show no variation in the growth exponents as
afunction of dissolution congtants of pinning particles that are collected within the sylolite.
Therefore we expect no change due to achemica effect. However, a possible mechanica
effect was not yet tested.

We assume that the dissolution processis controlled by the reection kinetics. If the
processis diffusion controlled, the time scalesin the model may change significantly. The
relation between absolute compaction of the rock and the stylolite amplitude should not
change, but the compaction rate may be dower.

We apply a constant displacement rate a the mode boundaries. Thisleadsto an
average mean stress within the modd that stay's congtant during asmulaion. The dissolution
adjugts to the given displacement rate. This scenario is similar to a congtant load boundary
condition where the compaction of the rock isafunction of the dissolution a the stylolite. We
are not yet modeling the development of astyldlite in a dynamic sedimentary basin where the
load of the overlying sediments may increase with time.

Ancther interesting question is how a stylolite grows when the finite Srain is rotating.
We have demondrated that sylolite teeth develop by a particle pinning process a the
interface and track the direction of the finite compaction. However, thisis not necessarily true

if the finite Srain is rotating because particles a the interface only pin the interface from the
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moment when they meet the interface to the moment when they dissolve. This means that
they are only recording parts of the finite compaction direction. If the Sylolite growsina
smple shear dominated rock, the direction of the pinning particles should initidly record the
direction of the compressve |SA (incrementa stretching axes) and then the teeth should
rotate. Therefore young teeth do redly track the compressive |SA and thus probably aso the
direction of the compressive stress whereas old teeth rotate. However, if the roughnessis
dynamic and the stylolite congtantly changes its shape, it can dways grow new teeth and old
teeth will disappear S0 that the direction of the compressive ISA and the compressive siress
are recorded.
5. Conclusions

We have developed anumerical modd that can successfully reproduce the roughening
of gyldlites. The numericd gyldlites are very smilar, if not identicd, to neturd stylolites. We
propose that the growth of the stylolite roughnessisinduced by pinning particles, thet
produce a complex interface that evolves dynamicdly through time. Two different regimes
can be separated, a small -scale regime where the roughness fluctuates significantly and a
large-scale regime where well -developed teeth patterns grow. The small-scale regimeis
dominated by surface energy whereas the large-scale regime is dominated by eagtic energy.
Scding laws characterizing the dynamic growth of the styldlite roughness as a function of
time are proposed. These laws show that the roughness grows in twio successive regimesin
time, afirst regime where the growth follows a power law and a second regime where the
roughness growth saturates. These findings are essentia for compaction estimates using
gyldlites, the roughness growth is non-linear in time, dows down with time and may even
saurate. A saturated stylolite looses its memory for compaction completely and cannot be
used for total compaction or strain rate estimates. We aso show with our smulations that the
teeth of Sylolites do redly follow the main compection direction and may thus indicate the

direction of the maximum compressive gress in a homogeneous rock. We show thet this
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strong deterministic geometry of the teeth is a consequence of pinning particlesthat movein
the direction of the finite compaction and of the loca stress history at the stylalite interface.
Summarizing, the geometry of stylalite teeth can be used by geologigts to estimate the
direction of the finite compaction or the main compressive siress, but absolute compaction
esimates are difficult to perform and may strongly underestimate the red vaues. Inthe
regime preceding saturation, we utilize the observed nonlinear growth of the roughness
amplitude to propose a refined estimate of absolute compaction, Eq. (13), based both on the
dylolite roughness amplitude and the size of the dissolving grains (Fig. 7). This can in generd

be used as alower bound of tota compaction.
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Figurecaptions

Figure 1. Naturd stylolites on alimestone quarry surface from the Burgundy area, France. On
the large scale the syl dlites are planar structures whereas on the small scale they show a

pronounced roughness (see inset). Note the steep "teeth” like patternsin the inset.

Figure 2. @) weight function used in the coarse graining procedure to evauate the surface
energy. b) setup of the numerica modd. Side-walls are fixed whereas the upper and lower
walls are moved inwards to compact the system. The rock contains two kinds of particles that
dissolve a two different rates. This heterogeneity in the dissolution rate represents an initia

guenched noise in the rock.

Fgure 3. Smulated gyldlite with awidth of L = 40 cm (1:1). Note smilarities between the
naturd gyldlite (in Fgure 1) and the smulated sylolite. Both develop aroughnesson

different scaes and well-developed square teeth structures.

Figure 4. Particles pinning dong the interface. (@) Initid setup of asmulaion with the initid
interface in the centre and the quenched noise in the background (particles that dissolve twice
dower are dark). (b) -(d) Progressive growth of the roughness and pinning of the interface
(particles that pin are white). (€) Structures that develop during pinning: spikes, teeth that are

pinned in ane direction and teeth that are pinned in two directions.

Figure 5. 3D diagrams showing the growth of two stylalites. (a) Smal stylalite that growsin
the surface energy dominated regime (x dimension is L = 0.4cm). The growth of the
roughness dows down relatively fast and saturates. The growth is very dynamic so that

pinning particles are disolved rdatively fast. (b) Large stylalite that grows in the dagtic
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energy dominated regime (x dimendon is L =40 cm). The styladlite roughness grows

continuoudy and develops tegth.

Figure 6. Log/log diagrams showing the growth of the roughness amplitude w (one unit =
0.004 m) againgt time (t, modd steps). (@) Schematic diagram illustrating the two regimes that
should develop [26]. Regime | shows a growth that follows a power law in time with agrowth
exponent b until acritical time. Regime 11 is characterized by a saturation of the growth so

that the roughness amplitude remains congtant. (b) Smdl stylalite (L = 0.4cm) that shows both
regimes, a power law growth with an exponent of 0.5 inregime| (as dow as adiffusve
process) and a crossover regime |1 where the roughness saturates. (¢) Medium sized stylolite
(L =4 cm) that shows only regime | with a power law growth with an exponent of 0.54. (d)
Large gylalite (L = 40 cm) that shows only regime | with a power law growth with an

exponent of 0.8.

Figure 7. Proposed scaling relation between the amplitude of compaction around a tyldlite
(A) and the mean width of the stylolite roughness (w). | corresponds to thegrain Szeand b is
the predetermined growth exponent (0.8 in this casg). Plot shows the scaling relation for the
large Sylolite smulaion (40cm long Styladlite) using equation 13. Theoreticaly this scaling
relation with the determined prefactor of 6.6 can be used to estimate compaction from redl

sylolites

Figure 8. Styldlite teeth directions track variations of the compression direction. The
orientetion of theinitid interface is given at the top and the direction of the compaction is
illusrated at the left hand sde. The smulations show that the orientation of the teeth is

srongly deterministic and follows the compaction direction.

-26-



3

g8 8 8 88 88 888838 8 3

3 8 888 &8 8 8 8 8

3

Figure 9. Modd for the development of yldlite teeth. (@) Development of oblique teeth due
to pinning partides that record the relative movement of the rock on each side of the

interface. (b) Possible fluctuations that may develop on interfaces with different orientations
with respect to the main compaction direction. Strongest fluctuations gppear on interfaces that
are oriented perpendicular with respect to the main compaction direction (arrows). Interfaces
that are pardld to the main compaction direction do not show fluctuations. () Illugtration of
these fluctuations on anatura stylolite. The Sdes of teeth are rlatively stable, show no
fluctuations and may act as transform faults. Plateaus of teeth are interfaces that show largest

fluctuations.
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