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Abstract

Constitutive models to describe the rheology of the crust are based on a combination of indirect methods, and many aspects

are still unknown and controversial. Here we present a new method to quantify the rheology of fine-grained siliciclastic rocks,

which are common in the middle crust and deform by solution-precipitation processes. We use a combination of structural

analysis at different scales and a geomechanical model, to develop a parameter estimation scheme to calculate rheological

parameters at 350–400 8C and geologic strain rates. The results of this study demonstrate that fine-grained siliciclastic rocks in

the middle crust have a Newtonian viscous rheology, approximately 10 times weaker than wet quartz. This is in agreement with

observed microstructures. Our results imply that the strength of polyphase quartz-rich rocks located in the middle crust is much

lower than predicted by conventional models based on flow laws for dislocation creep. Because fine-grained siliciclastic rocks

control the rheology of the middle crust in many sedimentary basins, our results provide new quantitative parameters for

geodynamic modelling in settings where dissolution-precipitation creep is important.
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1. Introduction

Geomechanical models form an essential basis for

our quantitative understanding of tectonic processes.

In these models, a long-standing problem involves

the quantification of the constitutive equations that

describe the rheology of the middle crust (7–12 km).

Modellers commonly use generic viscosity contrasts
tters 233 (2005) 351–360
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or laboratory-derived flow laws under the assump-

tion that they can be extrapolated over several orders

of magnitude to geological conditions (e.g. [1,2]).

The brittle part of the crust is usually modelled using

a frictional plastic rheology, whereas the ductile part

is described using power-law creep equations based

on dislocation creep of quartz or feldspar [3–11]. For

the upper mantle, an olivine-controlled rheology is

commonly assumed [12].

However, at present, laboratory methods are not

sufficient to accurately constrain the rheology of

rocks deforming in the subsurface at geologic strain

rates [13]. Firstly a problem is that strength profiles

are often based on rheological behaviour obtained

from relatively low-strain experiments, which are 5

to 10 orders of magnitude faster than those found

under normal geologic conditions. Secondly the

rheology of rock mass in nature is controlled by

polymineralic aggregates while laboratory experi-

ments generally use monomineralic samples [14,15].

In addition to the polyphase character of natural

rocks, factors contributing to the rheology of rocks

include foliation development, and the action of

fluid-assisted processes such as pressure solution

[10]. For example, large portions of the crust in

convergent margin settings deform by solution

transfer creep in the presence of an aqueous phase

instead of due to dislocation creep [16]. As a

consequence the strength of polyphase quartz-rich

rocks located in the middle crust may be much lower

than predicted by conventional models based on flow

laws from dislocation creep [7,10,16,17]. These

aspects of crustal rheology have not been properly

implemented in geodynamic models [1,2,16–18].

Additional constraints on rock rheology are needed

from careful field- and observational studies and

mechanical modelling.

Based on field data, attempts have been made to

constrain viscosity contrast between different rocks in

nature [19–26]. However, conversion of viscosity

ratios derived from field data into a full set of

rheological parameters has not yet been possible

[27]. Therefore, the question dhow soft is the crustT
is more alive than ever.

In this paper we present a combined structural and

numerical analysis of fine-grained siliciclastic rocks

deformed in the middle crust at around 350–400 8C.
We use these as natural laboratories to quantify the
rheological parameters during flow at geologic strain

rates.

The results of the analysis confirm the suggestion

that polyphase quartz-rich rocks in the middle crust

are significantly weaker than wet quartz and

demonstrate that they behave in a linear or New-

tonian way during deformation, as predicted by

micromechanical models of solution-precipitation

creep.
2. Mullions in layered siliclastic rocks

The rock structures we analysed are mullions.

Mullions are cuspate–lobate folded layer interfaces,

which form as a response to layer-parallel shortening.

In the Ardenne–Eifel slate belt (Central Europe),

mullions are common. The Ardenne–Eifel area is

composed of low-grade metamorphosed siliciclastic

multilayer sequences, which predominantly consist of

pelites intercalated with fine-grained siliciclastic

rocks rich in quartz, felspar and phyllosilicates such

as mica. In English literature, these fine-grained low-

grade metamorphosed rocks are called psammites

(e.g. [28–30]). In this paper we will use the term

psammite according to this definition. The psammite

layers of the High-Ardenne slate belt are character-

ized by the particular occurrence of arrays of

lenticular quartz veins, which generally stop at the

pelite–psammite interface (Figs. 1 and 2). In between

the terminations of the quartz veins, the pelite–

psammite interfaces show a cylindrical cuspate–

lobate fold geometry. These cuspate lobate geo-

metries represent the mullions. In general, the

analysed structures have a two-stage history (Fig.

1). Firstly, the veins formed in regular arrays, by

hydraulic fracturing during progressive burial, at

near-lithostatic fluid pressure in the Rhenohercynian

basin [31]. Secondly, subsequent layer-parallel short-

ening at the early stages of the Variscan orogeny

resulted in folding of the pelite–psammite interface

(i.e. formation of the mullions). This formation of

mullions can be considered as the result of a

rheological contrast between the vein quartz (q) and

psammite (ps) [31,32]. The mullions were formed

under low-grade metamorphic conditions (350–4008
C, 260 MPa, [33,34]), between about 335 and 325

Ma [35–37].



Fig. 1. Schematic illustration of the development of the analysed

structures in the Ardenne–Eifel Slate Belt. (a) Layers of psammite

(ps) and pelite (pe) are deposited and compacted during burial to

depth of over 10 km in a passive continental margin. (b) Veins are

formed in psammite layers after hydraulic fracturing in a high fluid

pressure cell at the final phases of burial. (c) Layer-parallel

shortening resulted in the formation of cuspate–lobate geometries

of the pelite–psammite interface (i.e. mullion formation) at the onset

of Variscan compression. Vein quartz (q) is stronger than psammite

(ps), which is in turn stronger than pelite (pe). The strength contrast

between the vein quartz and psammite causes the formation of

mullions in the layer interface of the psammite and pelite (r1 is the

maximum principal stress, r3 the minimal principal stress, r2 the

intermediate principal stress; rv is the vertical total stress; etot is the
total layer-parallel shortening).
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3. Microstructures

In the vein quartz, a number of microstructures

characteristic for dislocation creep can be recognized.

Large elongate-blocky quartz grains (500 Am to 1 cm)

show undulose extinction with the formation of

subgrains. Dynamic recrystallization occurs by pro-

gressive rotation of subgrains and grain-boundary

migration (Fig. 3a and b). The amount of undulose

extinction and fraction of new grains are consistent

with strains around 10%.

The microstructure of the pelite shows clear

evidence of solution-precipitation creep, with a well-

developed cleavage at high angle to the bedding.
Fig. 2. Examples of mullions showing cylindrical cuspate–lobate

geometries of pelite–psammite interfaces, separated by quartz veins

In the third dimension, the veins are continuous and sub-parallel. (a

Mullions at Bastogne Mardasson (5081V50UN–5844V20UE) width o

picture is 3 m; (b) mullions at Rouette (50803V10UN–5839V30U)
width of picture is 30 cm.
.

)

f
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Fig. 3. (a–b) Microstructure of vein quartz characteristic for dislocation creep. Large elongate-blocky quartz grains (500 Am to 1 cm) show

undulose extinction with the formation of subgrains. Dynamic recrystallization occurs by progressive rotation of subgrains and grain-boundary

migration. (c–f) Psammite matrix with microstructures characteristic for solution-precipitation creep. The original clastic shape of the grains can

often be recognized, altered by preferential dissolution (e), overgrowth by quartz in strain fringes and in microboudin-necks (c,e). Grain

aggregates are frequently overgrown by phyllosilicate beards (d) and phyllosilicate strain fringes are common.
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In the psammite, although the much lower fraction

of phyllosilicates prevents the development of a

penetrative cleavage, there is also clear evidence for

solution-precipitation creep (Fig. 3c–f). In quartz

grains, undulose extinction is rare. The original clastic

shape of the grains can often be recognized, altered by

preferential dissolution (Fig. 3e), overgrowth by quartz

in strain fringes and in microboudin-necks (Fig. 3c and

e). Grain aggregates are frequently overgrown by

phyllosilicate beards (Fig. 3d, cf. [38]) and phyllosi-

licate strain fringes are common also. In areas of
higher strain, close to the cusps and the vein tips,

dissolution seams indicate localized areas of dissolu-

tion, and in the immediate vicinity of the cusps a well-

developed cleavage is present, with truncated grains

and microboudinage of elongated grains.
4. Finite element mullion model

The simple, clearly defined geometry of most

mullions provides an unusually well constrained set
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of initial geometries and boundary conditions. This

allowed the construction of a plane strain geomechan-

ical model using finite element techniques [39,40]. For

the three materials (pelite, psammite, vein quartz), we

assume a volume-constant steady state power-law

creep rheology (de/dt=ADrn) characterized by the

corresponding parameters Ape, npe, Aps, nps, Aq, and

nq. Here, (de/dt) is strain rate (s�1), Dr differential

stress (MPa), and n the stress exponent. For vein quartz

we use the relatively well-constrained wet quartz flow

law of Hirth et al. [11], with Aq=A0fe
(�Q/RT) and

nq=4. Here, A0 is material constant (10�11.2F0.6

MPa�n/s), f water fugacity (~ 38F2 MPa), Q

activation energy (135000F15000 J/mol), R the gas

constant and T the absolute temperature (623–673 K).

In a parameter sensitivity analysis [40], we have

shown that the rheology of the pelite has almost no

effect on the structures formed. Therefore, in agree-

ment with results of earlier work [21,22,41], we

assume a relationship between the rheology of

psammite and pelite of Ape=5Aps, and npe=nps. This

assumption leaves psammite as the only material with

unknown rheology.

The development of the shape of individual

mullions is controlled by four parameters [40]: (1)

total layer-parallel shortening, (2) initial aspect ratio

of psammite segments before shortening, (3) nps, and

(4) competence difference between vein quartz and

psammite. The distribution of strain between vein

quartz and psammite mainly depends on (4), while the

curvature of the psammite–pelite interface is mainly a

function of (3). (1) and (2) are parameters specific to

individual mullions and can be obtained from strain

analysis of mullions in the field.

The structural observations of a mullion in the field

provide the opportunity to construct models specific to

each mullion, using a suitably chosen set of parame-

ters. Our sensitivity analysis suggests that there might

exist a unique set of parameters, which makes the

model match all the observations related to specific

mullions. This would provide a tool to solve the inverse

problem and determine the rheology of psammites.
T
ab
le

1

C
as
e
st
u
d
ie
s
o
f
m
u
ll

C
as
e

G

B
o
eu
r1

5
0

M
ar
d
as
3

5
0

R
o
u
et
te
B

5
0

R
o
u
et
te
C

5
0

S
u
r
le
s
R
o
ch
es

5
0

B
er
tr
ix

1
4
9

B
er
ti
x
2

4
9

G
P
is
G
P
S
co
o
rd
in
at
e

si
ze

o
f
th
e
re
cr
y
st
al
li
z

It
ca
n
b
e
se
en

th
at

n

5. Parameter estimation method

The method we used is a mixed numerical–

structural parameter estimation scheme based on a
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technique developed in material engineering [42–44].

Starting conditions are provided by reconstruction of

the shape of the layers after vein formation, and an

estimation algorithm is employed to determine the

rheological parameters of the model. The solution

corresponds to a set of parameters for which the

difference between mullion constraints and numerical

results is minimized. Below we first discuss the

constraints provided by observations.

(i) Optical microscopy indicates that the initially

coarse-grained vein quartz was deformed and

recrystallized (up to 30%) during mullion for-

mation [31,32] (Fig. 3a–b). Based on the

recrystallized fraction in the vein quartz, a finite

strain of the veins between 5% and 10% is

assumed [45]. Thus the vein quartz was clearly

deformed, but less than the psammite. Differ-

ential stresses high enough to deform the quartz

plastically were first present during the basin

inversion. After formation of the mullions, when

the regional folds developed a significant ampli-

tude, most deformation was partitioned in the

pelite during flexural flow, preventing further

deformation of the mullions and quartz veins.

(ii) The recrystallized grain size of vein quartz was

used to estimate differential stress in the vein
Fig. 4. Best fit solution of the case study of a mullion at Rouette (50803V
deformed mesh (b) of the numerical model and contour plots of the differen

of the numeric solution fits well with observations of mullion shape. Stres

with constraints on these. Rheological properties (Aps, nps) of this numeri
during this deformation [46,47] (Table 1).

Heterogeneities in microstructure did not allow

measurement of the gradients in stress due to

the lensoid shape of the vein (Fig. 4d), instead

we measured an average value.

(iii) The initial shape of the mullion was recon-

structed assuming volume-constant deformation

of the psammite and the above mentioned

extension of the vein quartz. For the case studies

reported below, the total layer-parallel short-

ening varies between 19% and 33% (Table 1).

(iv) For our analyses, we selected mullions where the

lithological interface between pelite and psam-

mite layers can be confidently taken to be planar

originally. These interfaces were digitized to

allow comparison with the numerical solution.

The parameter estimation scheme and algorithm is

as follows. For each individual mullion, we first

determine the undeformed shape and construct a finite

element mesh based on this. The total shortening

imposed on the model is the ratio of their initial length

and the observed length. Then, using the value of

differential stress in the vein quartz, together with Aq,

nq, and the total strain in the vein quartz (5–10%), we

calculate the time required for deformation of the

model. In all cases studied, this is well within time
10UN–5839V30U) showing field observation (a), undeformed (b) and

tial stress (d) and finite strain (e) of the mullion structures. The result

s and strain in the veins of the numerical solution are in agreement

c solution are listed in Table 1 (Rouette C).
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limits imposed by the geological constraints on

duration of mullion formation. Next, based on the

parameter sensitivity study [40], we make an initial

estimate of Ape, npe, Aps and nps, with Ape=5Aps, and

npe=nps and run a finite element calculation. Compar-

ing the output of this model with the mullion

constraints discussed above, we then adjust Ape, npe,

Aps and nps, to lower the difference between model

and observations and repeat the finite element

calculation. We find that this rapidly leads to a model

where the difference between model and mullion

constraints reduces to values close to zero. The

convergence is robust, because the effects of A and

n are separate: n is mostly manifested in the curved

shape of the pelite–psammite interface, and A affects

the ratio in strain between psammite and vein quartz.
6. Rheology of psammite: case studies

To date, we have performed seven case studies

(Table 1) of mullions observed in various outcrops.

Using the parameter estimation method, in all cases

the model converges to a single set of parameters,

which define the flow law of fine-grained siliciclastic

rocks, such as psammite, at low-grade metamorphic

conditions and geologic strain rates. We consistently

find an approximately 10-fold contrast in strength

between the psammite and vein quartz, together with

nps=1 (Fig. 4). This indicates that psammite at low-

grade metamorphic conditions deforms in a linear or

Newtonian way. A Newtonian constitutive equation

for the deformation behaviour of fine-grained silici-

clastic rocks in the middle crust is in agreement with

microstructural observations in the psammite, indicat-

ing that solution-precipitation creep was the dominant

deformation mechanism active during ductile defor-

mation [48]. Solution-precipitation creep was prob-

ably enhanced by the presence of phyllosilicates

within the fine-grained siliciclastic rocks [17]. The

absence of notable deformation by dislocation creep

of quartz in the psammite indicates that the differential

stress remained too low for this deformation mecha-

nism to be competitive with dissolution-precipitation

creep [48,49]. In contrast, the vein quartz is domi-

nantly deformed by dislocation creep indicating

higher flow stress in these parts and causing an

inhomogeneous stress field in the different lithologies
(quartz vs. psammite), leading to the process of

mullion formation during Variscan shortening.

Fine-grained siliciclastic rocks, such as the psam-

mites described in this study, form large portions of

the middle crust in siliciclastic sedimentary basins.

The results in this study thus provide new quantitative

data for geodynamic modelling demonstrating that

fine-grained siliciclastic rocks in the middle crust are

much weaker than supposed from conventional

strength envelopes relying on flow laws for disloca-

tion creep of wet quartz.

Mullions have been described in many settings,

although they are not as common as folds or faults.

Until now they were only of interest to specialized

structural geology studies. In this study mullions are

used as natural laboratories to quantify the rheological

parameters during flow at geological strain rates.

Using the parameter estimation scheme, we calculate

the rheology of rocks in which the mullions are

formed. This is possible due to the unusually well-

constrained set of initial geometries and boundary

conditions of the mullion formation. Our results apply

to all psammites deformed under the same conditions,

whether they contain mullions or not (mullions form

because of the presence of bedding perpendicular

quartz veins, and the absence of these does not alter

the rheology). One does not need large numbers of

mullions to determine the rheology in a particular

setting.
7. Discussion

The assumptions made of our analysis are all

reasonable. Firstly, steady-state creep is the dominant

mode of deformation in the psammites, considering

the strains involved. Therefore the inclusion of

primary creep in the constitutive equation will not

have a significant effect on the structures produced.

Secondly, assuming no volume change in the deform-

ing psammites and pelites is consistent with findings

that state that during solution-precipitation creep

volume flux caused by non-volatile element redis-

tribution is mostly limited to the cm-scale [50]. In

addition, this assumption is supported by the large

variation in size (10 cm to 2 m) of mullions, which all

have similar internal structures and can be modelled

using similar rheological parameters. Because the
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driving force of material transport during solution-

precipitation creep is related to gradients in differ-

ential stress [51,52], one would expect differences

between small and large mullions if volume flux is

important.

Therefore, we conclude that the Aps and nps values

calculated using our parameter estimation scheme

give a good description of the deformation of

psammites at T=350–400 8C, strain rate around

10�15 s�1, in the presence of a water-rich fluid

phase at pressures close to lithostatic.

We note that (as discussed above) the Aps values

depend on the flow law of quartz. A change in quartz

flow law will result in a change of the Aps in order to

maintain a 10-fold contrast between psammite and

quartz. On the other hand, the result of nps=1 in all

our case studies agrees with our observations of

solution-precipitation creep and theoretical models of

this process [49] and is independent of the vein quartz

flow law used (Fig. 3c–f). We also note that the values

of Ape and npe are poorly constrained by this study,

because the results of our models are insensitive to

these parameters.
8. Conclusion

A Newtonian rheology for fine-grained siliciclas-

tic rocks deforming in the middle crust has been

suggested before, based on structural analysis or

microstructural observations (e.g. [22]), but a con-

vincing demonstration has been notoriously difficult.

Using our numerical parameter estimation scheme in

combination with structural analysis of mullions, we

find that stress exponents of n=1 and a flow strength

approximately 10� less than wet quartz is the

characteristic rheology of fine-grained siliciclastic

rocks deforming in the middle crust at around 350–

400 8C. The results of this study are in good

agreement with the microstructures in the psammite

showing that the dominant deformation mechanism

in these fine-grained siliciclastic rocks during ductile

deformation at 350–400 8C is pressure solution

creep. As a consequence, the strength of polyphase

quartz-rich rocks located in the middle crust is much

lower than predicted by conventional models based

on flow laws from dislocation creep. Because fine-

grained siliciclastic rocks control the rheology of the
middle crust in many sedimentary basins, our results

provide new quantitative parameters for geodynamic

modelling in which a flow law for dissolution

precipitation is essential. Moreover, mullions occur

worldwide in deformed sediments, and the method is

therefore applicable to quantify rock rheology in

other areas and geological settings offering further

perspective for the quantification of rheological flow

laws.
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