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ABSTRACT

The Iberian Ranges of Central Spain represent a contracted complex graben 

system, formed by reactivation of Hercynian lineaments during the same Mesozoic 

extension and subsidence which formed the Tethyan ocean to the east. In the thesis, 

part of the range, between the Serrania de Cuenca and Sierra de Albarracin in Castille, 

is analysed to investigate basin inversion during the Tertiary and to prove that 

inversion is a three dimensional phenomenon related to the resolution and partitioning 

of compressive stresses about intrabasinal heterogeneities.

An analysis of the stratigraphy was carried out to reconstruct the basin structure 

immediately prior to the onset of deformation. It was found that the area is separated 

into two graben systems by NW-SE horst which concentrated most of the cover (thin 

skin) thrusting and folding during the Tertiary. Eighteen serial sections drawn at 2.5km 

intervals were constructed and partially restored to investigate cover strain and to 

assess the distribution of decollement strata and their effect on deformation. Thin, 

poorly gypsiferous regions of the decollement promote imbricate thrusting while the 

converse promotes detachment folding.

The evolution of deformation above a buried fault scarp is investigated in a 

region where Tertiary syn-tectonic molassic sediments are preserved. Two main 

deformation events are recognised. It is found that the fault scarp strongly effects the 

distribution of stresses leading to diapirism in the decollement strata which 

accommodates the buttressing effect of the scarp and the promotion of cover failure 

over the scarp where differential stresses are highest. Diapiric walls and minor scarps 

perpendicular to the strike of the basement fault nucleate zones of strike-slip faulting 

in cover whose style is dependant on the thickness and gypsum content of the 

decollement.

Shear indicators in these strata are well developed and allow the sense of 

displacement of cover relative to basement to be determined. In the Serrania de Cuenca 

their analysis leads to a conceptual model for basementicover interaction and the 

initiation of decollement. Gravity tectonics is preferred but differential shortening 

during pinching of the half grabens and slight inversion of the basin bounding faults 

also occurs.

The deformation of basement is analysed using the Sierra de Albarracin as a 

case study and Alpine structural geology is discriminated from Hercynian. Strike-slip 

deformation plays an important role in the evolution of basement folds and fractures



and severely limits the application of section balancing, however, a partly balanced 

crustal model is proposed based on a Theologically layered crust.

Brittle microstructural analysis leads to the inference of approximate c l 

trajectories and reveals that one principal stress was always close to vertical. This 

allows the resolution of stress on fault surfaces to be analysed using simple graphical 

techniques such as ROMSA and YRPROG. The shapes and orientations of stress 

tensors from sample areas throughout the study area reveals that the pre-existing basin 

structure has a strong modifying effect on the regional stresses and may cause a 

variety of structures, normally attributed to different tectonic regimes, to develop in 

response to the same regional stress event
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CHAPTER 1

INTRODUCTION TO THE THESIS AND GENERAL CONCEPTS

1.1 DEFINING THE PROBLEM

The object of this thesis is to demonstrate that inversion tectonics, defined as 

the change from net subsidence to net uplift of a basin stratigraphy (Glennie & 

Boegner, 1981), is a three dimensional phenomenon, intimately related to the 

resolution and partitioning of stress about intrabasinal rock heterogeneities.

It is not to redefine the concept or to review the large numbers of model, 

field and seismic studies published in the literature. For such a study the reader is 

referred to Etheridge (1986), Ziegler (1987a & b) and the opening chapters of 

Powell (1988). Rather, it is of greater urgency to assess critically many of the 

assumptions that are inherent in these studies and show that where heterogeneity 

exists, the current simple approaches are not consistent with available theory and 

observation.

Although the characteristics of inverted basins were recognised by Lamplugh 

as early as 1920, the concept did not become popular until the pioneering works of 

Kent (1980) and Glennie and Boegner (1981). Following these, many workers 

adopted an "a priori" approach, forward modelling the restacking of seismically 

imaged extensional fault geometries of intracratonic basins and passive margins 

using geometrical constructions (Gibbs, 1985; Bally, 1984; Hayward & Graham, 

1989; Williams et al.y 1989; Powell, op. cit.) and sand-box analogue models 

(Koopman et al., 1987; Argnani, 1987; McClay, 1989; Powell, op. cit.). In 

attempting to simulate structural styles seen on seismic sections, these analyses were 

restricted to two dimensions only and assume only very simple mechanical models 

of deformation. In balanced section construction, the rocks are assumed not to 

buckle and folding only occurs to accommodate strains which are a result of the 

faulting process. Constraints on the reactivation of faults, including friction and fault 

zone cohesion, are only qualitatively applied, if applied at all. Analogue models are 

inapplicable to the study of fault reactivation because they do not faithfully 

reproduce mechanisms of faulting in rock and, since sand is already a cohesionless 

material, it is impossible to simulate planes of weakness along which preferential 

sliding may occur. McClay (1989) attempted to solve this problem by using 

sand/mica mixtures and it was hoped that mica flakes would become aligned along 

the "fault" planes during extension, facilitating displacement on the same planes 

during inversion. However, reactivation of these "planes" was not demonstrated
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(McClay, 1989; pers. comm. P. Buchanan, 1989).

Two dimensional models assume only dip-slip reversal of fault displacement 
and, as Powell (1988) freely admits, it is highly improbable that the stress axes 
were colinear throughout formation and deformation of the basin. Pure dip-slip 

inversion of faults in a sedimentary basin is only a rare end-member of a suite of 

inversion modes which are most often characterised by oblique-slip. Faults in some 

basins, such as the negative inversion {sensu Williams et al., 1989) of faults in the 

African rift system, inverted in a purely dip-slip manner (Daly et al., 1989), but 

this was strongly influenced by the tram-lining of extension on major crustal shear 

zones. More typical are the complexly deformed intracratonic basins in the Alpine 

foreland which are strongly oblique to the shortening direction that created the 

mountain belt (Ziegler, 1987b, 1989).

Field studies must be employed if the true displacement of reactivated faults 

is to be measured. However, those already undertaken have concentrated mostly on 

strongly shortened crust in the Alpine belt and the western margin of North and 

South America, and it has been argued (Etheridge, 1986; Cooper et al., 1989) that 

whilst the concept of restacking of previously extended crust has been a useful tool 

in partially solving megatectonic problems, such as anomalously low crustal 

thicknesses in the Alps (Helwig, 1976; Jackson, 1980), shortening discrepancies in 

the Alps and Himalayas (Butler, 1986) and in the Andes (Winslow, 1981) and 

stratigraphic anomalies in the Alps (Lemoine et al., 1986; Gillchrist et al. 1989), 

the Scandinavian Caledonides (Morley, 1989) and the Kechika Trough in the 

Canadian Rocky Mountains (McClay et al., 1989), the structures have evolved past 

the stage when the rift structure of the precursor basin was a controlling influence. 

Only fragments of characteristic inversion structures are preserved (e.g. the Bourg 

d ’Oisans syncline in the external French Alps (Tricart & Lemoine, 1986; Grand, 

1988)), the rest having been destroyed by the action of more conventional mountain 

building processes (i.e. thrust and nappe formation). As Etheridge (1986) 

recognised, the early evolutions of these regions are largely interpretive and cannot 

realistically be used to constrain possible modes of basin inversion during the early 

stages of orogenesis. Similarly, Butler (1989) analysed structural and stratigraphic 

associations in the Alps to show that relationships between footwall and hanging 

wall stratigraphies, which were concluded by Williams et al. (1989) to be 

symptomatic of fault inversion, can also be explained by the action of variably 

erosive unconformities.

Studies of mountain ranges which are not characterised by far travelled 

thrust sheets and nappes are required, but such "unromantic" study areas have often
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not been worked due to poor exposure; an unfortunate by-product of low 

topographic relief. A few field studies of basin inversion have been undertaken in 

intra-cratonic areas, such as in the Bowland Basin of northern England (Gawthorpe, 

1987), the Cleveland Basin and Market Weighton block of East Yorkshire (Kent, 

1980), the Cameros Basin of Northern Spain (Platt, 1990) and a number of areas in 

the Alpine Foreland (Ziegler, 1987a & b). However, whilst these studies 

demonstrated the controlling effect of inherited fault lines on the contractional 

structural geometry, they make no reference to the mechanical constraints which 

govern the reactivation of fault systems.

In this thesis, the evolution of part of a sedimentary basin is investigated 

through formation and deformation and particular emphasis is put on variations of 

structural style and deformation mechanism in three dimensions. These are related 

to changes in the pre-existing structure and sedimentology of the basin and basin 

fill. Ultimately the aim is to propose a complete history of deformation which is 

mechanically consistent with the stress history for the basin and is consistent with 

the documented responses of various rock types and structures to a variety of 

deviatoric stress states.

The Iberian Ranges of Central Spain were chosen as the field area for this 

study. The stratigraphy of the ranges has long been known to have evolved during 

the same episode of rifting and subsidence that formed the Tethys to the east 

(Stille, 1931). Deformation in the area is mild, but the low rainfall means that 

exposure is excellent at relatively low altitudes (ca. 1000m). Many of the fault and 

fold structures, that controlled the distribution of sediments in the basin, are 

exposed at the surface, others can be directly inferred. The area was therefore 

ideally suited to a three dimensional investigation of the evolution and style of 

contractional structures and their relation to the pre-existing basin geometry.

1.2 DATA COLLECTION AND STRUCTURE OF THE THESIS

In the remaining pan of this chapter, the mechanical basis for two 

dimensional fault reactivation is reviewed and applied to simple theoretical models. 

It will be shown that many of the assumptions which form the basis of two 

dimensional analyses of inversion structures are not valid and lead to misleading 

conceptual models of inversion tectonics. More complicated analyses are required 

which take into account the resolution of shear stress on faults in three dimensions 

and their interaction and interference during a progressive contractional evolution of 

a previously extended region. Some of the mechanical factors which control the 

reactivation of individual faults and the inversion of basins are also considered.
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In Chapter 2, a brief review of previous work is followed by an analysis of 

the areal evolution of the rift and post rift stratigraphy and this is used to 

reconstruct the structural geometry of rift structures which are not always exposed. 

Due to the large size of the area (ca. 8000km2), many published data have been 

used, these are augmented by sedimentary logs recorded during the summers of 

1987 & 1988. In the last parts of Chapter 2, the exposed structure of the region is 

described from an analysis of eight 1:50,000 and four 1:200,000 published maps 

and 3 Ph.D. theses and a new 1:200,000 scale map of the study area (Encl. E2 & 

E3) was drawn using additional field data.

Chapter 3 investigates the deformation of cover strata in 3D and its 

relationship to changes in the decollement by constructing, and partially restoring, 

serial NE-SW sections drawn at 2.5km intervals through the study area. In Chapter 

4, two detailed NE-SW cross-sections were measured (Encl. E6a & E6b) in cover 

rocks overlying one of the major basement lineaments to assess the effect of a 

steeply dipping basement fault scarp on the deformation style of cover above it.

Chapter 5 investigates the directions of shear of the cover, relative to the 

pre-rift basement, using shear indicators in d6collement strata from around the study 

area. These are critically assessed in terms of reliability and a map of cover shear 

directions is constructed.

In Chapter 6, the structures developed in decollement strata were recorded 

on a NE-SW transect across an area of uplifted basement in the south of the area 

to investigate the relationships between inherited basement rift structure and cover 

deformation where they are poorly constrained by the outcrop.

Chapter 7 investigates the mechanics of basement deformation by remapping 

of critical areas and collection of new mesostructural data. Previous balanced 

sections and interpretations of crustal deformation are critically reviewed and new 

regional tectonic models proposed.

In Chapter 8, the evolution of stresses during deformation in the area is 

analysed using pressure solution stylolites, faults and joints which were collected 

from 27 localities. Some characteristics of the data were recognised which simplify 

the analysis of populations of fault slip data. Methods of monophase and polyphase 

fault slip inversion are reviewed to establish the most appropriate method for 

analysis of the data.

In Chapter 9, the favourable techniques identified in Ch. 8 are applied to the 

fault slip data to investigate the change in shape and orientation of the stress 

ellipsoid during the Tertiary and the influence of basin structure on stress 

distributions. The regional stress conclusions are applied to the observed slip
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directions on major basement lineaments by using a simple graphical technique and 

incorporating a simple frictional failure criterion.

Chapter 10 summarises the interpreted basin history from rifting and 

subsidence to inversion and proposes some general constraints on inversion 

geometries and mechanics.

1.3 FAULT REACTIVATION IN TWO DIMENSIONS

There is widespread evidence for repeated reactivation of ancient fault zones, 

particularly of the larger zones which extend through a significant fraction of the 

crust or lithosphere (Etheridge, 1986). Sykes (1978) pointed out that intraplate 

seismicity on the continents is commonly concentrated along ancient fault zones. 

Reverse fault focal mechanisms on fractures dipping between 40 and 50’ in the 

Zagros fold belt were considered by Jackson (1980) to be the result of reactivation 

of listric normal faults formed during its earlier evolution as a passive margin. 

Stratigraphic and isotopic evidence was used by Currie (1983) to demonstrate that, 

in the northeastern Appalachians, both basement and cover were remobilised about 

600 Ma. along pre-existing fault lines. Reactivation of fault zones is also predicted 

by basic mechanical considerations (Fig. 1.1). Fault zones in the brittle regime are 

likely to have lower cohesive strength and sliding friction than surrounding intact 

rock (Donath & Cranwell, 1981), and, in the ductile regime, flow strength will 

commonly be lower in previously active shear zones because of finer grain size or 

distinctive mineralogy (White, 1976; Etheridge & Wilkie, 1979).

Early experiments by Donath (1964) deformed samples of Martinsburg slate 

in uniaxial compression with the cleavage inclined at various angles to c,. The 

results revealed that, for the slate deformed at confining pressures of up to 2000 

bars, the curves of differential stress at failure versus inclination of the anisotropy 

(to Oj) are strongly parabolic (concave upwards) in form. Faults tended to form 

parallel to the anisotropy for inclinations from ca. 15° up to 45-60* although failure 

for certain orientations tends to occur without loss of cohesion for higher confining 

pressures.

In discussion of Donath’s paper, Jaeger (1964) noted that, when the material 

failed at angles oblique to the fabric, the strike of the fresh fracture was always 

parallel to the strike of the anisotropy. Although this may not apply in truly triaxial 

stress states, the phenomenon may be significant on the large scale and explain the 

influence of crustal anisotropy on the orientation of thin skin deformation in areas 

where the a, direction is known to be oblique to the strike of the extensional 

structure (e.g. the Digne system of the Western Alps (Fry, 1989)).



Figure 1.1a Mohr diagram representation of failure on pre-existing planes of 
weakness. The plane has a reduced cohesion relative to fresh rock (Q,' < Q ) 
and a reduced co-efficient of friction (p., < Pj). For constant confining 
pressure o 3 and a Navier-Coulomb failure criterion, the differential stress to 
cause failure on the plane is Gi'-o/. P is the dip of the incipient fault in 
fresh rock whereas 9 is the optimum angle for failure on the plane (i.e. the 
angle of plane on which sliding will occur for the lowest differential stress). 
0 > P since the slope of the failure line is proportional to p and p, < P;.

Figure 1.1b The same diagram showing the zone of possible angles of 20 
(shaded) for which reactivation of a plane is possible for stresses Qj and a 3.
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The uniaxial experiments of Donath (pp. cit.) are effectively two dimensional 

and the mechanical theory behind this has been simply stated by Sibson (1985)
(Fig. 1.2) developing a theme first proposed by Jaeger (1960). As expected, 

increases in \is require increases in differential stress for failure and are 

accompanied by a decrease in the optimum reactivation angle 0* (Fig. 1.3). 

Discussing these results, Sibson (1985) suggests that in a stress field with one axis 

vertical (corresponding to that assumed by Anderson, 1951) the angle 0 between a, 

and a potentially reactivated normal or thrust fault would always be large ca. 60° 

and would require lower values of |it (<0.55) than the mean of 0.6-0.8 found by 

experiments on crustal rocks. Alternatively, q 3 could be tensile. Bruhn et al (1982) 

have demonstrated reactivation of gently dipping joints as normal faults with 0 

values of 70-80° and this implies that either jit < 0.35 or o 3' < 0. Vein systems 

associated with a normal fault reactivated in North Wales unequivocally demonstrate 

that g 3' < 0 during reactivation (Sibson, 1981).

In Fig. 1.1, the shear strength of the fault plane is significantly less than 

values of Q  and p.; for unfaulted rock. A tensile g3 will only occur in a generally 

compressive regime if pore fluid pressures are high (at great depth in a basin) and 

differential stresses are low (at low depths) suggesting that high angle fault 

reactivation occurs only in a narrow band of crustal depths. Alternatively, low 

values of \i s may occur if significant clay rich fault gouge is present. Wang & Mao

(1980) and Zoback & Healy (1984) report data to suggest that certain clay 

mineralogies in fault gouge are stable to depths of ca. 10km and that, in the 

presence of such gouges, the frictional resistance to sliding of rocks becomes very 

low. Low values of p, are supported by heat flow and in situ shear stress 

measurements along the San Andreas Fault Zone (Brune et al., 1969; Zoback & 

Roller, 1979) which reveal that shear stress on the fault during movement was no 

more than 200 bars compared with values of several kilobars predicted by 

experiment (Byerlee, 1978).

Summarising, Sibson (1985) concludes that a /  must tend towards zero for 

high angle fault reactivation to occur and differential stresses must be low. Sibson’s 

mechanical analysis assumes that the fault plane has no inherent shear strength i.e. 

the Navier-Coulomb failure envelope starts from the origin (Fig. 1.4) so that, as g3 

tends to zero, the shear stress sustainable on the fault plane becomes very small, 

restricting fault reactivation to the upper parts of the crust only. However, simple 

analyses of friction show that most surfaces can support some shear stress without 

confining pressure (i.e. the fault zone has a cohesion Q,') due to the existence of 

asperities which must be sheared through before sliding can occur (Jaeger, 1971). In
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Figure 1.2 Failure on a plane of weakness: two dimensional theory after 
Sibson (1985).
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Figure 1.3 The variation between Gj/g3 ratio at fracture, R \ and optimum 
reactivation angle, 0*, with changing values of p,. From Sibson (1985).

Figure 1.4 Mohr circle and failure envelope for the case of a tensile g3. 
Theoretically, faults dipping at high angles to Gj could be reactivated, but 
this would only occur at low differential stresses and if no other, more 
suitably oriented planes, were present.
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a theoretical analysis Jaeger and Cook (1979) assume that the cohesion of fresh 

rock Q, = 2.Q/ but, experiments show that values of C0' are significantly lower;

0.275 to 7.703 MPa (Jaeger and Cook, 1979), compared with values of Cq 

between 4.5-300 Mpa (Hobbs et al., 1976). Nevertheless, Dieterich (1972) has 

shown that the co-efficient of sliding friction increases logarithmically with the time 

that the two slip surfaces are in contact (i.e. hardening with time). In

addition, Meredith (1989) heated saturated specimens of fractured rock to simulate 

conditions in a sedimentary basin and repeatedly deformed them in triaxial loading 

tests. Results indicated that the fractures became up to 20% stronger on repetition 

of the tests and microscopic analysis of the fault zones revealed that this was due 

to the formation of vein material. To account for this, Jaeger and Cook (1979) use 

the frictional sliding criterion:

2((Y + |if.o3)
Ch - cj3 =   (1.7)

(1 - p.,.cotp) sin2p

where p is the angle between the normal to the plane and the a, direction. 

The variation between differential stress at fracture and p with various values of p., 

and Co' are shown in Fig. 1.5. The values of Q , C0', p.* (the co-efficient of internal 

friction) and fis vary widely between rock types and, since faults cut a variety of 

different strata, this tends to introduce a significant error when extrapolated to field 

examples.

Clearly, in the absence of gouge, the reactivation of a fault in two 

dimensions depends heavily on the material that forms its walls and it is possible 

for a fault to reactivate in one horizon whilst not in another. Fig. 1.6 demonstrates 

the relationship between fault reactivation and depth. It is most noticeable that, 

whilst the differential stress at fracture rises with increasing g3 for both fresh rock 

and the plane, the rise is more rapid for fracture of fresh rock. Thus, at depth, 

reactivation of planar fractures is more likely than fracture of fresh rock.

Figs. 1.7 and 1.8 are schematic planar and listric synsedimentary faults 

forming the boundary of a half graben. The sections are cut off at a depth of 

15km, taken as the base of the seismogenic (dominantly) brittle layer into which 

the listric fault in Fig. 1.8 is considered to detach. Brace and Kohlstedt (1980) state 

that the increase in horizontal stress with depth can be estimated by assuming 

Byerlee’s Law (Byerlee, 1978);

x = 0.85.an for 3 < on < 200Mpa (1.8)

x = 60 (+/-10) + 0.6.an for on > 200Mpa (1.9)

which represents a limiting value above which frictional sliding occurs on planes 

regardless of their orientation. In terms of principal effective stresses (Jaeger &
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Figure 1.5 (facing page). Graphs of differential stress at failure for different rock- 
types (see table 1.1 below) for the case, g 3 = 70 Mpa. The curved parts represent 
failure on the plane and the straight parts, failure of the intact rock. Low values 
of Cq' and ji, result in low, open curves which mean that failure on the plane is 
possible over a wide range of values of 9.

Figure 1.6 (over page). Similar graphs of differential stress at failure of granite 
assuming different values of g3 (equivalent to 1, 2.5, 5 and 10km depth in the 
crust for normal fault reversal). Note that the curves become more angular with 
increasing o 3 and that the differential stress required for optimum reactivation of 
the plane does not increase as rapidly as that required for fracture of fresh rock.

Table 1.1: DATA (Average mechanical properties of some principal rock types. 
Number of values shown in brackets)

ROCK TYPE C0 (Mpa) Co' (Mpa) Hi

GRANITE (3) 191 0.3 1.4 0.64

QUARTZITE (1) 330 0.6 0.95 0.51

SANDSTONE (4) 44.2 0.276 0.5 0.42f

LIMESTONE (6) 156 ? 0.62 0.4
MARBLE (5) 189 1.103 0.7 0.75

SHALE (2) 79 0.2 0.5* 0.20“

Data from Jaeger & Cook (1979) except; * from Clark (1966); ** from 
Clark (1966) based on frictional sliding between wet single muscovite/biotite 
crystals; t  from Jaeger & Cook (1979) based on frictional sliding between wet 
single quartz crystals.

The differential stress - o 3 at fracture of fresh rock was calculated using the 
Navier-Coulomb criterion in terms of principal stresses. From Jaeger & Cook 
(1979):

g3 ((w2 + ly* + n.) + c0
a, =   (1.8)

((̂ i,2 + iy* -

The differential stresses required for initiation of frictional sliding on the plane 
were calculated using equation 1.7.
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Cook, 1979) this becomes:

g ,' = 5 . g 3 '  for g3' < llOMpa (1.10)

g /  = 210 + 3.1.G/ for g/  > llOMpa (1.11)

This is substantiated by in situ stress tests in deep mines (down to 4km) in South 

Africa and borehole breakout data from the United States (McGarr and Gay, 1978). 

Below 4km, temperature plays an increasingly important role, but Brace and 

Kohlstedt (1980) conclude that, for a temperature gradient of 15 K/km, 

characteristic flow laws for quartz and olivine rocks both predict at least a 20km 

thick upper high strength layer within which Byerlee’s Law is likely to hold. The 

value of 210Mpa in equation 1.11 represents an upper limit on the uniaxial 

compressive stress for rocks (c.a. 191 Mpa maximum for granite, Clark, 1966) 

corresponding to the situation when g3 = 0 i.e. at the earth’s surface. The vertical 

load, g3, is given by p.g.h and g , at fracture of fresh rock is correspondingly given 

by the relationship g , = 100 + 5 . g 3 (Mpa) which is an averaged compressional 

failure criterion for a variety of rock-types taken from Clark (1966). Relationships 

for individual rock types are highly variable and cannot be employed. Failure on 

the planes is calculated using Eqn. 1.4 (Sibson, 1985) assuming various values of jis 

(Jaeger and Cook, 1979). Where two different rock types are in contact, |i, and Q,' 

for the weaker material were used in Eqn. 1.4. The listric profile in Fig. 1.8 is 

generated by y=l/x so that the gradient at a point is given by = 1/x2 and the 

dip tan1 1/x2. For simplicity, the dip of the planar fault is taken as 63° such that 

tan 0 = 2. In both cases, the first fault to occur with increasing differential stress 

(g ,/g2 increasing either positively or negatively from the central divide) is taken 

when any of the curves are exceeded.

For the planar fault (Fig. 1.7), values of Gj/g3 for failure on the plane are 

increasingly more negative towards the surface i.e. g3 must be tensile for failure to 

occur. With a standard stress:depth profile fresh rock would always be the first to 

fracture.

For the listric fault (Fig. 1.8), failure occurs preferentially on the plane at 

the shaded depth which also intersects the stress:depth profile. The steep upper 

portion of the fault is not prone to reactivation with and o3 compressive but may 

reactivate at relatively low differential stresses with a tensile o 3 which may exist 

due to high pore fluid pressures in the half graben fill.

1.4 FAULT REACTIVATION IN THREE DIMENSIONS

The previous discussion has shown that preexisting faults and joints have a 

reduced (although not zero) cohesion and coefficient of friction compared with the

13



Figure 1.7 Mechanical model for reactivation of a straight fault dipping 63°. 
Reactivation of the plane only occurs if o 3 is tensile (i.e. R < 0).
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Figure 1.8 Mechanical model for reactivation of a listric fault. Intersection 
of the failure curve for the plane with the stress:depth profile occurs first at 
12.5km depth. Below 15km the failure envelope for fresh rock would be 
intersected before that of the plane. In the upper 8km of the crust, the plane 
will only fail for a tensile o v
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unfractured rock which makes up their walls. They are therefore likely to be planes 

of weakness on which preferential sliding may occur in the direction of maximum 

shear stress. For fracture of fresh rock in an orthogonal system of principal stresses, 

the maximum shear stress lies in the a l5 a 3 plane, but for a randomly oriented 

plane, the orientation of maximum shear stress on the its surface will commonly be 

oblique to the principal axes.

Lisle (1989b) and Means (1989) describe simple stereographic constructions 

for the determination of the direction and magnitude of shear stress on a randomly 

oriented plane when the orientations and magnitudes of the principal stresses are 

known. These methods will not be fully described here, but they demonstrate that 

the orientation and magnitude of the shear stress on the fault surface depends on 

the orientation of the plane with respect to the principal axes of stress and on their 

relative values, especially the value of o2, the intermediate stress. In appendix 2, 

formulas for shear stress and normal stress on a plane are derived following the 

methods of Bott (1959) and Jaeger (1964). These methods resolve the maximum 

force on a randomly oriented plane into components parallel to the stress axes, and 

then re-resolve these forces in the strike and dip directions on the plane. The 

direction of maximum shearing force is then calculated using pythagoras.

The most elegant method of demonstrating the variation of shear stress in 

three dimensions is still that of Mohr (1914). The mathematical proof is outlined in 

Jaeger (1964). The normal and shear stress on a plane whose pole has direction 

cosines 1, m, n can be given in terms of principal stresses. If one of these direction 

cosines is fixed, say n, this defines a family of planes at constant angle <J> to the 

vertical on which the normal and shear stress vary with changing 1 and m (Fig.

1.9a). The variation of normal and shear stress for this family of planes can be 

plotted on the conventional two dimensional Mohr diagram (Fig. 1.9b) and lie on a 

circle, g-f, whose centre, b, is half way between a 2 and g3 (if a, is parallel to the 

z-axis). The radius of the circle is proportional to n. Similarly, for constant 1, the 

normal and shear stress for this family of planes lie on circles, d-e, whose centre, 

a, is half way between a, and o2 (if o3 is parallel to the x-axis) and whose radius 

is proportional to 1. For constant m, on and % lie on circles whose centre, c, is 

halfway between a, and o 3 and whose radius is proportional to m. A suite of these 

circles can be plotted (Fig. 1.10a) by marking off intervals of 0, (J) and y  on each 

of the fundamental circles 1, m, n = 0 and then joining equivalent values of <]> and 

y  by circles of centre a, and equivalent values of 0 and y  by circles of centre b.

The remaining circles of centre c need not be drawn since the intersections between 

the first two sets of circles adequately map the three dimensional variations in shear

16



Figure 1.9a Sliding on a plane of weakness: three dimensional theory. X, Y, 
Z are co-ordinate axes and in this case follow o 3, g2 and Gj respectively. 0, 
<}) and y are angles measured from each of these axes such that cos0 = 1, 
cosy = m and cos(j) = n. See text for description.

Figure 1.9b Mohr diagram representation of the case shown in Fig. 1.9a. See 
text for description.
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stress.

Wallace (1951) recognised that the values of x and o n at the intersections 
between circles could be plotted in stereographic projection (Fig. 1.10b) and 

contoured as shown in Fig. 1.10c. If the pole to a fault plane is now plotted on the 

same diagram (Fig. 1.10c), the magnitude of x and on on the plane can be read 

directly. The azimuth of shear stress on the plane can be found by assuming that 

the direction of maximum shear stress is perpendicular to, and down gradient of, 

the contours of normal stress (i.e. points A and B on Fig. 1.10c). This can be 

simply demonstrated in two dimensions by exploring the variations of on and x 

with G„ g 2 and 0 in Fig. 1.9b (semicircle HFI). Normal stress Gn is given by:

o„ = v2(a , +  a 2) + v2(a , - g 2) .co s20 (1 .12)

and the rate of change of o n with respect to 0 is given by differentiating:

do^dO = ^(o, + o2) - (a, - G2).sin20 (1-13)

Shear stress is given by:

x = ^(o, - G2).sin20 (1.14)

and, since these are both functions of sine, shear stress is a maximum in the

direction of 0 which corresponds to the maximum rate of change of normal stress 

(i.e. perpendicular to the contours of normal stress in three dimensions).

Shear stress directions for various relative values of G,, g 2 and g 3 are shown 

in Fig. 1.11. The pole to two faults A and B are plotted on the figures and 

demonstrate a most important feature of fault reactivation, namely, that the direction 

of slip on a plane of weakness is governed by both the orientation and relative 

magnitudes of the principal stresses and not by the orientation of o, and g 3 alone 

(the case for fracture of fresh rock). Obviously, there will be a frictional constraint 

on reactivation which limits the possible slip directions and these can be calculated 

by assuming for simplicity the Navier-Coulomb failure criterion:

x = 0„.n, + Q / (1.15)

and substituting the values of Gn and x read directly from the plots. As long as x

exceeds on.n, + C0', slip will occur.

Celerier (1988) published a complete mathematical analysis of fault 

reactivation which examined both the orientation of maximum shear stress and 

failure in terms of tensors to delimit viable directions of fault reactivation. Although 

a review of the analysis is outside the scope of this thesis, Celerier (op. cit.) arrives 

at the conclusion that, if the lithosphere is isotropically fractured, as assumed by 

Brace and Kohlstedt (1980), there is always a plane of weakness along the most 

favourable orientation for frictional sliding, and, when failure occurs, it occurs along 

that plane. It therefore behaves like a weak intact material (Jaeger, 1964) which

18



Figure 1.10 The completed set of curves of % and Gn for changing 0, <J) and 
y (a) describe the shear and normal stress in a volume of space bounded by 
the orthogonal axes o 2 and g 3. This space can be defined in terms of 
angles on a stereogram (b) and values of normal and shear stress can be 
plotted and contoured. The direction of shear stress is perpendicular to and 
down gradient of isobars of normal stress (c). This direction varies 
continuously in three dimensions (refer to points A and B).
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Figure 1.11 Shear stress directions for various stress states. In a, o 2 = a 3 but 
increases gradually to case e and f in which a 2 = (jj. In cases a - e, a, is 
vertical but is replaced by a 3 in f. If poles to planes are plotted on the 
diagrams (e.g cases a & b) the shear stress direction on that plane can be 
read directly. Planes A and B in cases a & b illustrate that both strike slip 
and normal movement can occur on planes of different orientation but within 
the same triaxial system of stresses.
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may explain why analogue models in sand reproduce fault patterns observed in 

crustal rocks.

1.5 LITHOSPHERIC CONTROLS ON BASIN INVERSION

Following Ziegler (1987b), the latest Cretaceous and Cenozoic deformations 

observed within the Alpine foreland can be correlated with compressional events 

which formed the mountain belt and in most cases the intraplate deformations post

date the orogenic event by a period which is proportional to the distance from the 

mountain front. Although rifts, with a strongly thinned crust appear to be prone to 

early inversion in response to collision related intra-plate stresses, other 

discontinuities, such as major wrench faults (e.g. the Tornquist zone, Liboriussen et 

al. 1987) and upstanding areas of basement such as the Bohemian Massif (Schroder, 

1987), are also prone to compressional reactivation. In contrast, thrust faults and 

even ancient A-subduction zones, as they occur in the Variscan foldbelt, appear to 

be less prone to reactivation (Ziegler, 1987b).

Not all sedimentary basins in the Alpine foreland are inverted. The Horn and 

Gluckstadt grabens contain 7 to 8km of Permo-Triassic sediments and became 

inactive during the Early - Middle Jurassic or some 90-100 Ma before the onset of 

Alpine orogenesis (Best et al., 1983). They are relatively undeformed but are 

surrounded by the inverted Fenno-scandian Border Zone, the Danish-Dutch part of 

the Central Graben and the Lower Saxony basin (Liboriussen et al., 1987; Ziegler, 

1987b). In these basins, rifting continued up to the Middle Cretaceous. This 

suggests that thermal maturity is an important control on the strength of a basin. 

This is demonstrated by the Oslo Graben which became inactive during the Late 

Permian, some 145Ma before the inversion of the Fenno-Scandian Border zone. 

Geophysical data suggest that the crust is some 7 -12km thinner under the Oslo 

Graben than under the adjacent craton (Ramberg, 1972). So, it is the raised 

temperature gradients in the crust, rather than crustal attenuation, which most 

weakens the crust and makes sedimentary basins prone to inversion. There are 

therefore limits to the inversion of sedimentary basins: In the Polish Trough, 

seismic refraction profiles (Guterch et al.y 1976) show that, during Middle-Late 

Cretaceous inversion, the thinned crust was mechanically thickened as a result of 

crustal shortening and, by this means, attained isostatic and thermal equilibrium.

The basin would no longer have represented a weakness in the Alpine foreland and 

deformation would have occurred in other thermally younger basins further to the 

north. This is demonstrated by the Maastrictian onset of inversion in the Fenno- 

Scandian Border zone (Liboriussen et al., 1987).
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CHAPTER 2

PART A: REVIEW

2.1 GENERAL INTRODUCTION

The Iberian Ranges of Central Spain (Fig. 2.1) form the southwestern limb 

of a triangle of mountain ranges that enclose the Ebro Basin. The Iberian ranges 

trend NW-SE parallel to the major structural grain and extend for some 430km 

from Burgos, at the westerly termination of the Spanish Pyrenees, to the 

Mediterranean coast at Valencia where they merge with the N-S trending Catalan 

Coastal Ranges. Whilst not matching the Betic Cordillera or Pyrenees in terms of 

height (generally less than 2000m), their large areal extent make them one of the 

most prominent features of the Iberian Peninsula.

The sedimentary evolution and the tectonic style of the Iberian Ranges 

differed from that of typical Alpine orogens like the Pyrenees, Alps and Himalayas: 

the Mesozoic stratigraphy of the Ranges clearly reflects a phase of rifting, but there 

is little evidence of the deep water sequences that typify passive margins. The 

Ranges also exhibit "double vergence" although this does not show the simple 

bisymmetry of the nearby Pyrenees (Fig. 2.2). These characteristics led Julivert 

(1978) to classify the Ranges as an "Intermediate" type whose style reflected neither 

the classic Alpine orogens nor the areas of Mesozoic platform which formed their 

forelands.

In part A of this chapter the role played by the Iberian Ranges in the plate 

tectonic evolution of Iberia is briefly reviewed followed by a review of the 

megatectonic framework of the ranges. The principal reasons for choosing the study 

area will then be outlined with a short summary of previous work on the whole 

range and on the study area. In part B the structure of the area is divided into 

zones with similar character and these are briefly described. In part C the 

distribution of thickness and facies of the Mesozoic strata are reviewed using new 

data in addition to published works to constrain the spatial distribution and 

geometry of the basement structures prior to the onset of contractional deformation 

in the Tertiary.
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Figure 2.1 Location map of the Iberian Ranges (the box shows the 
position of the study area. Cu, Cuenca; Te, Teruel; Va, Valencia; Ba, 
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Figure 2.2 Schematic lithospheric cross section NE-SW through the north 
of the Iberian Peninsular showing the relationship of the Iberian Ranges 
to the Pyrenees (from Viallard, 1988).
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2.2 THE MESOZOIC EVOLUTION OF THE IBERIAN RANGES IN 

RELATION TO THE EVOLUTION OF IBERIA.

Sedimentation in the Celtiberian Basin (later to become the Iberian Ranges) 

was initiated during rifting and breakup of Pangea during the Permian and Triassic 

(Capote, 1983). This resulted in the formation of the Tethys to the east and the 

early Atlantic (the N-S Lusitainian Rift) to the west (Ziegler, 1982).

The orientation of the basin (presently NW-SE) was clearly oblique to the 

trend of the Betic-Balearic ocean margin (presently NE-SW); the junction situated 

in the area around Valencia (Fig. 2.1). Their development was synchronous during 

the Triassic but differed mainly in their speed of opening and type of sedimentation 

(Alvaro et al. 1979; Vegas & Banda, 1982). Alvaro et al. (1979) interpreted the 

basin as an aulacogen or failed rift which formed one arm of a rift-rift-rift triple 

junction. The detailed evolution of the basin is slightly more complex than the 

archetypal aulacogen (Wopmay orogen, Canada, Hoffman, 1973) because the 

flexural subsidence stage (Jurassic and Cretaceous) is interrupted by phases of 

contraction and strike-slip, especially during the Late Jurassic to Early Cretaceous 

and during the Tertiary which reflect the complex plate margin processes that 

affected the Iberian microplate during the Mesozoic and Tertiary.

The Early Cretaceous phase of instability of the basin can be 

related to the opening of the Bay of Biscay and the reorganization of stresses along 

the margins of the widening Atlantic Ocean (Ziegler, 1982). At the same time as 

ocean crust was forming in the Bay of Biscay, the whole of Iberia underwent an anti

clockwise rotation of ca. 30 ° along major ESE-WNW, intra-plate strike-slip zones 

which were later incorporated into the Pyrenean and Betic orogens (Van der Woo, 

1969).

The compressional stresses, which formed these orogens during the Tertiary, 

had a profound effect on the Celtiberian Basin. The Basin represented a thinned and 

weakened portion of the Iberian crust and became deformed preferentially to 

surrounding areas (Fig. 2.2). The pincer-like squeezing of the Basin, between the 

Pyrenean margin to the north and the Betic margin to the south, led to a complex 

evolution of stresses in the plate interior (Vegas & Banda, 1982). The interactions 

of these stresses with the pre-existing extensional structures in the Celtiberian Basin 

led to a complex association of contractional structures which differed greatly from 

those seen in the orogenic belts to the north and south.

Towards the end of the Cretaceous around 80 Ma there was a change in the 

central Atlantic spreading direction which marked the beginning of the Alpine 

deformational stage. Westward movement of Africa with respect to Europe lasted
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from 80 to 50 Ma (Pitman & Talwani, 1972; Biju-Duval et al., 1977; Dewey et al., 

1989, Fig. 2.3a & b) and defines the first pre-collisional stage of the Alpine 

deformation (Vegas & Banda, 1982). Sedimentation became discontinuous along the 

Pyrenean and Betic margins which acted as transform zones facilitating the 

westward plate movement.

The relative movement of Africa and Europe changed to approximately NE - 

SW at 50Ma and then swung gradually towards N-S during the period up to 15Ma 

(Pitman & Talwani, 1972; Dewey et al., 1989, Fig. 2.3a & b). This period 

corresponds to the collisional phase during which extra-Iberian units impacted the 

southern Betic margin (Vegas & Banda, 1982). In the north, the oblique direction 

of the stress vector to the plate margin caused some strike-slip reactivation of the 

North Pyrenean Fault (Vegas & Banda, 1982), but changed to dip-slip reverse 

movement during the Eocene resulting in the creation of the Pyrenean chain 

(Mattauer & Henry, 1974).

Compressional stresses were transmitted through the Iberian crust from both 

plate margins and these caused the deformation of the Celtiberian basin along two 

main structural trends (Capote, 1983): NW-SE (longitudinal, NE-SW Pyrenean 

compression) and NNE-SSW (transverse, WNW-ESE Betic compression).

2.3 THE REGIONAL STRUCTURAL FRAMEW ORK AND LOCATION OF 

THE STUDY AREA

Recent work (Canerot, 1979) has shown that the Ranges can be divided into 

three stratigraphically distinct zones (Fig. 2.4) separated by lineaments oblique to 

the main NW-SE structural grain. It has been suggested (Canerot, 1979; Viallard, 

1980; 1982; Vegas & Banda, 1982), that the lineaments relate to curving 

transcurrent shear zones in basement, trending roughly ENE-WSW: These bound a 

mosaic of crustal blocks within the present Iberian microplate. However, the 

existence of these shear zones is questionable, direct evidence is limited and they 

have been inferred from curving deformation zones in cover rocks (Canerot, 1979; 

Viallard, 1982; 1985a).

(A) The Northwestern Iberian Zone lies to the north of the Soria Fault Zone 

(Canerot, 1979) and incorporates the Sierra de la Demanda of dominantly 

Palaeozoic age and, more centrally, the Sierra des Cameras, a deep (6km maximum 

cover thickness, Platt, 1990) Mesozoic half graben formed by reactivation of late 

Hercynian conjugate fractures which outcrop in the Sierra de la Demanda, trend 

080° and 130° and influence the orientation and locations of Alpine cover folds 

(Brinkmann, 1960-62; Colchen, 1970; Salomon, 1982; Platt, 1990).
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Figure 2.4 Structural zones and regions within the Iberian Ranges (see 
text for description). S.F.Z, Soria Fault Zone; N.I.F, North Iberican Fault; 
C.I.F, Central Iberican Fault; S.I.F, Southern Iberican Fault. (Based on 
Viallard, 1979).

Figure 2.5 Hypothetical cross-section after Richter & Teichmuller, (1933) 
showing disharmony between basement and cover accommodated by flow 
in the Middle and Upper Triassic ("Stockwerk" or Germanotype 
tectonics). Redrawn from Viallard, (1973). C, Cretaceous; J, Jurassic; t3, 
Keuper; t2, Muschelkalk; t,, Buntsandstein; Pal, Palaeozoic.
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(B) The Central Iberian Zone stretches south of the Soria Fault Zone and 

terminates at a large network of faults running WSW from Tarragona to Molina de 

Aragon (the Central-Iberican Fault Zone). The zone has a dramatically reduced 

thickness of Mesozoic cover rocks and almost complete absence of the Upper 

Jurassic and Lower Cretaceous. Another distinctive feature is the relative scarcity of 

transcurrent faults common to the other two zones.

(C) The Southeastern Zone (incorporating the study area) is situated south of 

the Central-Iberican Fault Zone which Canerot (1979) relates to an underlying 

fracture in basement. It is generally considered that the accumulation of thick 

sequences of Mesozoic sediments (2-3000m in Maestrazgo, Canerot, 1974) was 

aided by reactivation of a framework of faults cutting the Palaeozoic rocks in the 

Sierra de Albarracin, (Riba, 1959) and in Desierto de las Palmas, Central 

Maestrazgo, (Gautier, 1971-77, Canerot 1974).

The study area is situated in this southeastern zone and encompasses the 

Sierra de Albarracin, Montes Universales and Serrania de Cuenca regions (Fig. 2.4). 

Previous works in the neighbouring Sierra Menera and Sierra Calderos are also 

considered in order to constrain the palaeogeography during the Permian and 

Triassic.

2.4 PREVIOUS WORKS

Regional Work: Prior to 1928 the works on the south and east of the Ranges were 

almost exclusively stratigraphic. Stille (1927,1930) studied the range as an example 

of "germanotype" tectonics in which cover rocks become decoupled from their 

substratum along a decollement horizon (Fig. 2.5). One of the principal questions 

broached by his work was the relationship between stratigraphy and structure.

The early work by Stille {op. cit.) led to the formation of a research group 

at Gottingen which synthesised early mapping by Spanish and French workers (De 

Cortazar, 1875,1885; De Cortazar & Pato, 1882; Dereims, 1898; Fallot & Bataller, 

1927,1931). The tectonic synthesis published by Stille (1931) was supported by the 

local works of other members of his group (Tricalinos, 1928; Lotze, 1929; Hahne, 

1930a & b; Brinkmann, 1931; Richter, 1931; Richter & Teichmiiller, 1933). These 

studies concentrated on the palaeogeographic evolution of the Ranges during the 

Mesozoic and they related changes in stratigraphy to variations in the Alpine 

structural style.

Despite local studies within the Ranges, especially in the southwest, (Riba & 

Rios, 1960-1962; Canerot, 1974), in and south (Riba, 1959; Mel6ndez-Hevia, 1971; 

Viallard, 1973) and in the Sierra de la Demanda in the extreme northwest of the
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Range (Brinkmann, 1960-1962 and Colchen, 1970), the work of Stille (1931) 

remained as the only regional synthesis until Julivert et al. (1974) were 

commissioned by the Instituto de Geologico y Minero Espana (I.G.M.E) to produce 

a tectonic map of the whole Iberian Peninsula. This initiated the reinterpretation of 

the evolution of the range in the light of plate tectonics (Julivert, 1978; Capote, 

1978; Alvaro et al., 1979; Viallard, 1979,1980). A good synthesis of research on 

the Range prior to 1983 can be found in I.G.M.E (1983g).

Work on the Study Area: The results of regional mapping of the area were 

published in the Ph.D. theses of Riba (1959), Melendez (1971) and Viallard (1973) 

as shown on Fig. 2.6a. These results were later synthesised into 1:200,000 and 

1:50,000 scale maps by the I.G.M.E. The relevant sheets are shown in Fig 2.6b. 

Enclosure E2 is a 1:200,000 synthesis of these published sheets. Additional 

structural information has been added on enclosure 3 and is taken from the above 

theses complemented by new fieldwork. There have been many detailed studies of 

the Mesozoic stratigraphy of the region (Part C) but little work on the detailed 

structural evolution. The above mentioned theses still remain the definitive works, 

but, whilst the mapping is accurate, they give little insight into the tectonic 

mechanisms responsible for the present structures.

PART B: STRUCTURE

2.5 STRUCTURAL ZONES (Refer to enclosures E2 & E3)

The structural style of the Range resulted from the inter-relation of tectonic 

stresses transmitted from the plate margins with the pre-existing structure of the 

basin inherited from the Hercynian and reactivated during the Mesozoic basin 

evolution. The presence of a layer of mechanically weak material in the Middle to 

Upper Triassic interval, effectively splits the basin sequence into three mechanically 

distinct levels (Richter & Teichmliller, 1933), shown on Fig. 2.5:

1. Basement. The lowest level consists of Palaeozoic metamorphic rocks and 

their mantle of Triassic sandstones.

2. Decollement. This middle level consists of marl and Gypsum rich 

formations in the Middle and Upper Triassic (Muschelkalk and Keuper). It was 

mechanically much weaker than both the basement and the overlying cover rocks 

and allowed them to fold disharmonicaily.

3. Cover. The upper level consists of dominantly calcareous Jurassic and 

Cretaceous rocks which deform as a single unit above the decollement.

The area can be subdivided into NW-SE zones with similar structural styles
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Figure 2.7 Structural zones within the study area.
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(Fig. 2.7). These zones are well displayed on serial sections constructed 

perpendicular to their strike (Enclosure E4). Basement structure is shown 

schematically on these sections but is based on the sections of Riba (1959). A 

structural summary map is shown on Figure 2.8.

2.5.2 The Palaeozoic outcrops of the Sierra M enera-Sierra Calderos.

Only the Sierra Menera part of this large zone of uplifted Palaeozoic 

material occurs within the study area. The Palaeozoic strata dip 30° uniformly 

towards the southwest and the trace of a steep reverse fault of Hercynian age is 

prominent within the Sierra, trends NW-SE and is parallel to the trend of the 

outcrop. The northeast margin of the Sierra is faulted and locally overturned Middle 

and Upper Triassic strata indicate that this is a steep reverse fault most probably of 

Tertiary age.

Buntsandstein deposits, unconformably overlying the Palaeozoic, dip gently 

SW, but are not represented on the northeast margin. Southeastwards along the 

strike, the Palaeozoic plunges beneath gently dipping Mesozoic cover strata which 

are cut by a number of steep N-S and NW-SE faults (Encl. E2 & E3).

2.5.3 The Alustante Synclinal Zone

Between the Palaeozoic outcrops of the Sierra Menera and the Sierra de 

Albarracin, cover strata form a 20km wide synclinorium with gently dipping limbs 

(<20°). Other small open folds strike N-S, NE-SW and NW-SE in the centre of the 

synclinorium, but generally folding is weakly developed.

Steep NE-SW faults in Mesozoic rocks occur in the northwest of the zone 

and sometimes link into parallel fractures which are seen to cut Palaeozoic material 

(e.g. G.R. 760670 & 775667). The faults have lengths of the order of 5km and 

different faults show strike-slip and normal displacements. To the southeast of the 

zone, the gently dipping strata are disturbed by two NW-SE bands of strike-slip 

faults; one at the southerly termination of the Sierra Menera and another 

immediately east of the Sierra del Tremedal. The faults that make up these bands 

are en-echelon and may relate to dextral movements on buried NW-SE basement 

fractures. They are discussed in Chapter 7.4.

2.5.4 The Sierra de Albarracin (including the Sierras Nevera, Tremedal and 

Carbonera)

The Sierras Nevera and Tremedal: The lozenge shaped outcrops of 

Palaeozoic material that form the Sierra Nevera and Sierra Tremedal are broad, E-
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Figure 2.8 Structural summary map of the study area. Locations quoted in 
text: Al, Alustante; MJ, Muela de San Juan; V, Villar del Cobo; Mo, 
Moscardon; A.T-V, Alto Tajo-Valdecabriel thrust; LV, La Veredilla; AH, 
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W trending, asymmetric anticlinoria, 25-40km in length. The two anticlinoria are 

en-echelon and verge slightly SW. The Palaeozoic cores of these anticlinoria are 

tightly folded with axes N-S to NNW-SSE (Fig. 7.1). These folds are cross-cut by 

a number of steep, NE-SW, N-S and E-W faults but only the N-S and E-W faults 

show significant displacements which are of Tertiary age.

The Sierra Carbonera is the most easterly of the Palaeozoic outcrops which 

together form the Sierra de Albarracin. It trends N-S and is cored by Palaeozoic 

strata which dip steeply (50-70°) towards the west. In common with the Sierra 

Menera-Calderos zone a steep reverse fault of Hercynian age crops out within the 

Sierra and trends N-S in the southern half of the Sierra and NW-SE in the north. 

The trace of this fault is offset by small strike-slip faults which strike NE-SW, E- 

W and NW-SE. Some of these faults, especially those striking NE-SW and NW-SE, 

show displacements which are of Tertiary age. The eastern margin of this Sierra is 

faulted.

Thick Buntsandstein deposits on the western margin of the Sierra dip gently 

W and SW but are only poorly developed on the eastern margin. Middle and Upper 

Triassic horizons crop out around the northern half of the Sierra but are absent in 

the south.

The Sierra Carbonera is separated from the Sierra Tremedal by the NW-SE 

band of en-echelon strike-slip faults described in the Alustante synclinal zone.

2.5.5 The Muela de San Juan Synclinal zone

This zone is characterised by three synclinal depressions which have been 

eroded to form large circular hills capped by Upper Jurassic and Cretaceous 

material called "Muelas". Each of these depressions is of similar size (10km x 

10km) and has fold axes which trend NNE-SSW and NW-SE. The limbs of these 

folds have maximum dips of 20°. The three NE-SW anticlines, which separate the 

depressions, are each cut by zones of complex faulting. The faults strike NE-SW, 

parallel to the anticlinal axes and the complexity and displacement of the fault 

zones increases towards the southwest (i.e. towards the Montes Universales).

There is a change in character of the fault zones from the southeast to the 

northwest. At Moscardon (G.R. 781639), a fault zone is 5-6 km wide and the faults 

are mostly normal but ten kilometres to the northwest at Villar del Cobo, another 

zone of faults is narrower with slickensides showing a clear dominance of strike- 

slip movements over dip-slip. Further to the northwest a third fault zone is 

composed of only one or two anastomosing strands and it offsets Palaeogene 

sediments of the Alto-Tajo intermontane basin, before merging with the first thrusts
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of the Montes Universales zone.

2.5.6 The Montes Universales Thrust and Fold Belt

The Montes Universales is a linear belt of rugged topography which is 

formed by strongly folded and thrust Mesozoic cover rocks. To the northwest, the 

belt is 15-20 km wide but thins to 5-10 km further to the southeast eventually 

disappearing at the extreme southeast of the area. The belt can be subdivided into 

two NW-SE halves, within which structures verge in opposite directions (i.e. SW & 

NE) (see enclosures E2,E3 & E4). The two opposed directions meet at a NW-SE 

trending line which is here termed the "facing confrontation". The style of the 

structures in these two halves is different and will be described separately.

Southwest-facing structures
Folds: Folds typically have a hinge length of 25-40 km and are 

approximately cylindrical. Profiles vary along the folds, from tight to isoclinal folds 

in the northwest to box folds with vertical limbs in the southeast (Encl. 4).

Faults: Thrust faults are intimately associated with the folding and show a 

similar change in character from northwest to southeast. In the northwest, thrust 

faults are low angle (dipping 20-30°SW) and form complex fault zones with a 

number of fault splays. Displacements on these zones are of the order of 500m to 

lkm. To the southeast, displacements are smaller and the faults are simpler, with 

only a single plane normally visible. The faults are also, steeper (dipping 40- 

50°SW).

Two fold-fault associations can be recognised: in the NW most of the 

shortening is achieved by thrust faulting leading to tight or isoclinal drag or fault- 

propagation folds (sensu Jamison, 1987). Towards the southeast, detachment folding 

becomes more pronounced at the expense of thrusting. Faulting takes the form of 

out-of-the-syncline thrusts (sensu Butler, 1982).

The most northerly thrust structure in the belt is the Alto Tajo-Valdecabriel 

thrust. Within its footwall, Tertiary sediments are preserved in two small elongate 

intermontane basins (Encl. E2). The analysis of this structure and its relationship to 

Tertiary sedimentation is considered in Chapter 4.

Northeast-facing structures

Folds: Folds are open to close, approximately cylindrical and in most cases 

are associated with thrusts (Encl. E4). Hinge lengths vary from 10 to 20km and the 

intensity of folding increases SE reaching a maximum in the vicinity of Zafrilla
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(G.R. 780620). To the southeast of an E-W exposure of Middle-Upper Triassic 

strata at Salvacanete (G.R. 785612), the folds become more open, eventually 

disappearing in the extreme southeast of the area.

Faults: Thrust faults generally dip 30-40° SW, but increase to between 60° 

and vertical close to the facing confrontation at Cerro de las Majadas (G.R.

769630). Cut-off angles in hanging wall strata are between 20-30°, even for the 

most steeply dipping thrusts, implying that originally these thrusts dipped at much 

lower angles. Some interference between the two directions of thrust transport in 

the Montes Universales must have occurred. Where thrusts crop out they are seldom 

single planes and are often associated with small splays and local drag folds (e.g. at 

La Veredilla, G.R. 771630).

Other structures

Other faults in the Montes Universales have two main trends. The most 

prominent are NE-SW faults with normal or oblique movements which cut across 

and are themselves cut by the NW-SE thrust faults, indicating a contemporaneous 

development. They are common at the lateral extremities of thrust fault and fold 

structures in the Montes Universales and may accommodate locally high fault-tip 

stresses which occur during lateral growth of the fault/fold structure. Pavlis and 

Bruhn (1988) studied earthquake aftershocks in the vicinity of the 1980 El Asnam 

earthquake in Utah coupled with palaeostress analysis of quartz deformation 

lamellae and screw dislocation models to conclude that stresses at the lateral tips of 

growing fault/fold structures are high; sufficient to cause failure of the strata. N-S 

conjugate fractures occur but are subordinate.

NW-SE normal faults are also prominent: at the southern margin of the Alto 

Tajo intermontane basin (G.R. 762643) a NW-SE fault cuts Palaeogene sediments; 

another occurs at Alto Rincon de la Rambla (G.R. 771636) and is associated with 

crestal collapse of a NW-SE box fold. According to Simon Gomez (1982) and 

Guimera (1984), these occurred in response to the relaxation of the NE-SW 

compressive stress regime during the Tertiary. Minor E-W oblique-slip faults also 

occur.

2.5.7. The Cariete Synclinal Zone

This is a complex structural zone with no clear division between it and the 

Montes Universales. The characteristics of the zone are nevertheless similar to the 

Muela de San Juan zone immediately north of the Montes Universales. Generally 

dips are low, (< 10-30°) and broad synclines such as at La Muela (G.R. 780605) are
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the typical cover structures. Diapiric piercement by chaotically deformed, Mid-Upper 

Triassic rocks is common along two main directions, trending NW-SE and NE-SW, 

which are often associated with zones of normal and strike-slip faults. The 

coincidence of diapirism and faulting, with the margins of the La Muela syncline, 

implies that the Muelas within the area may be a consequence of flow in Mid- 

Upper Triassic rocks.

2.5.8. The Sierra de Valdemeca

Palaeozoic strata are poorly exposed in this, the most northerly of the 

Serrania de Cuenca Basement outcrops, but Bunsandstein deposits are well exposed 

forming a NNW-SSE lozenge shaped uplift. The northeast margin of the Sierra is 

faulted which Viallard (1973) interpreted as normal, downthrowing NE. NNW-SSE 

and ENE-WSW normal faults cut the Buntsandstein deposits, but do not continue 

into the cover.

2.5.9. The Sierra de Boniches and Sierra Henarejos

Only the northern margin of the Sierra Boniches is included in the study 

area but Palaeozoic cored uplifts continue to the southeast and have a similar 

structural style. Buntsandstein rocks at the northern margin of the Sierra Boniches 

dip 25° NE. The margin is faulted but nowhere is the fault surface exposed. NE- 

SW and NW-SE normal and strike-slip faults cut the Buntsandstein rocks and 

continue into the Mesozoic cover. Some of these faults are overstepped by the 

Buntsandstein rocks, implying that their early history was Hercynian and they have 

been reactivated during the Mesozoic and Tertiary. According to Ldpez Gomez 

(1985), a major NE-SW basement fault underlies a zone of anastomosing normal 

and strike-slip faults in cover rocks at Campillos-Sierra (G.R. 770610). This zone 

separates the Sierra de Valdemeca from the Sierra de Boniches and is also parallel 

to a prominent NE-SW diapir of Mid-Upper Triassic rocks.

PART C. STRATIGRAPHY

The data on which this part is based is taken from published stratigraphic 

logs (Fig. 2.12b) which are referenced on Figures 2.15 to 2.32. These are 

supplemented by eight new logs in Buntsandstein facies strata (appendix 1) and logs 

of Jurassic and Cretaceous strata measured on two 70km NE-SW (Encl. E6a & b) 

and one NW-SE tectonostratigraphic sections recorded during the course of this 
research.
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2.6. THE PRE-RIFT STAGE

The pre-Triassic Iberian crust formed from Palaeozoic and Precambrian rocks 

deformed and metamorphosed during the Hercynian Orogeny. Towards the end of 

the Hercynian, the crust was transected by a pervasive system of brittle fractures 

(Fig. 2.9) which relate to dextral movements between the lithospheric plates of 

Laurentia and Gondwanaland (Arthaud & Matte, 1977),(Figs 2.10a & b). Structures 

relating to this event can be observed throughout western and central Europe 

(Ziegler, 1982; Arthaud & Matte, 1977).

Volcanic rocks and Permian sediments occur locally below the Triassic 

formations and are interpreted as the precursors of aulacogen evolution (Hoffman, 

1973; Capote, 1983) similar in style to "Basin & Range" tectonics (Capote, 1983). 

Permian and Triassic volcanic rocks and their associated mineralisation become 

more abundant towards the southeast of the range and are typified by acid to 

intermediate volcanic flows and pyroclastic sediments and occasional basalts (De La 

Pena et al., 1979). Geochemical analyses reveal a strongly bimodal character in the 

basalts with a dominance of alkali basalt over tholeitic (De La Pena et al., 1979; 

Perni, 1980).

The general stratigraphic column for the Mesozoic and Tertiary stratigraphy 

of the Iberian Ranges is summarised in Figure 2.11. The data on Figs. 2.15-2.32 is 

presented using the symbols of Tucker (1982), (Fig. 2.12a & b).

2.7. PERMO-TRIASSIC RIFTING IN THE STUDY AREA: Megasequence 1

Garrido & Villena (1977) mapped out the thicknesses of Permo-Triassic 

strata for the whole range and found that the pre-existing fault lines had a profound 

effect. The regional distribution of facies was studied by Virgili (1977a &b).

In the study area, Permian-Triassic sediments crop out in three main NW-SE 

zones (Fig. 2.13) surrounding exposed Palaeozoic massifs. Two zones (the Sierra 

Menera and the Sierra Calderos-Sierra de Albarracin) are situated to the north of 

the Montes Universales while another, to the south, stretches from Cueva de Hierro 

(G.R.745660) to Chelva in the extreme SE of the area.

Following Perez-Arlucea & Sopena (1986) and Perez-Arlucea (1987) the 

Permian and Triassic of the northern zones can be subdivided into 16 distinct units. 

For the southern zone only 7 units have been differentiated by Lopez-Gomez (1987) 

but this study does not include sediments of the Keuper. The NE-SW correlations 

of syn-rift formations are shown in Fig. 2.14.
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Figure 2.9 Major Hercynian strike slip fractures of the Iberian Peninsula 
(from Capote, 1983). P-M, Plasencia-Messejana Fault; L-S, Logrono-Santa 
Maria de Nieva Fault; A-T, Ateca-Castellon Fault; He, Hesperican Fault; 
Sg, Segre Fault, R-M, Requena-Mora Fault.

Figure 2.10a Major strike slip faults affecting the Laurentia-Gondwanaland 
suture zone during the Late Hercynian (after Arthaud & Matte, 1977). 1, 
Major faults; 2, Interpreted shear stress trajectories; 3, Limit of the 
deformed zone.
Figure 2.10b Theoretical fault directions in a dextral strike-slip zone (after 
Arthaud & Matte, 1977).
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Figure 2.11 Generalised Mesozoic and Tertiary stratigraphic column for 
the Iberian Ranges (sea level changes from Vail & Mitchum, 1979).
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Figure 2.12a Summary chart of symbols used on stratigraphic maps and 
logs in this chapter (from Tucker, 1982).

DATA SOURCES (for all stratigraphic maps except Fig. 2.29) 

° after Perez-Arlucea (1987)

^ after Lopez Gomez (1985)

after I.G.M.E. (1978-1986)

■ after Viallard (1973)

a . after Melendez Hevia (1971)

+ New Data (collected 1987 & 1988)

Figure 2.12b Data sources.
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Figure 2.13 Outcrop of Permian and Triassic rocks and location of new 
measured logs (Appendix 1). To introduce a level of consistency the 
format and scale of all isopachyte, palaeocurrent and stratigraphic maps is 
the same throughout this chapter.
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NE-SW CORRELATIONS OF PERMO-TRIASSIC FORMATIONS

NE SW

SERRANIA DE CUENCA SIERRA DE ALBARRACIN

Canizar Sandstone Fm. C2 Rillo Sandstone & Mud Fm.

Alcotas Sandstone & Mud Fm. C1

Rillo Arandilla Sandstone Fm. 

Prados Beds

Rillo de Gallo Sandstone Fm.

Boniches Conglomerate Fm. B Hoz Conglomerate Fm.

Basal Breccias A Tormon Sandstone & Silt Fm. 
Volcano-sedimentary Complex

after Lopez Gomez (1985) after Perez-Arlucea (1987)

Figure 2.14 Permian and Triassic syn-rift formations (Saxonian and 
Buntsandstein Facies) defined by Perez-Arlucea (1987) and Lopez Gomez 
(1985) for the north and south of the study area respectively. Correlations 
are shown.
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2.7.1 The Permian Volcano-sedimentary Complex

This lowest sedimentary unit occurs in isolated pockets and comprises 

subaerial volcanic rocks with occasional intrusive basalts and intercalations of 

fluvially deposited shales (Perez-Arlucea, 1987). The unit overlies the Hercynian 

basement with strong angular unconformity and is itself unconformably overlain by 

the Saxonian or Buntsandstein facies rocks. The age of the unit is problematical due 

to the absence of palaeontological or palynological data. However, associations in 

other areas suggest a Lower Permian age (Hernando et al., 1980). Occasionally the 

intrusive rocks occur as dykes or sills which follow the Late Hercynian fault lines.

2.7.2. Correlation A (Fig. 2.14): The Tormon Sandstone and Shale Formation

(Saxonian Facies)

Isopachytes for the strata are shown in Fig. 2.15. Along the western margin 

of the Sierra Carbonera the sediments comprise 80- 100m of purply red silts and 

sandstones with subordinate conglomerate (<10%). Beds are laterally continuous, 

fine upwards with lenticular mud drapes, and are interpreted as a complex, flood 

dominated, alluvial system with periods of inactivity reflected by the occasional 

development of palaeosols (Perez-Arlucea & Sopefia, 1986). The eastern margin of 

the Sierra Carbonera is faulted, but a complete section exposed at G.R. 80066423 

(Log J, Appendix 1) reveals only 4-5m of red silt with less than 10% sand content.

The base of the overlying Buntsandstein units are conformable at the Sierra 

de Albarracin, but adopt a gentle regional angular unconformity towards the Sierras 

Menera and Calderos (Perez-Arlucea, 1987). This unconformity aids correlation with 

Saxonian facies rocks in the south of the area which are also unconformably 

overlain by the Buntsandstein formations (Fig. 2.14) and are characterised by a 

basal breccia (Lopez Gomez, 1985, Lopez Gomez & Arche, 1986) which is 

comparable with the coarse angular breccias interpreted as colluvium at Molina de 

Aragon (Ramos et al., 1986; Perez-Arlucea & Sopena, 1987). The breccias and 

subordinate medium sandstones occur only in small basins with little regional 

continuity and, in contrast to the northern outcrops, allow few palaeogeographic 

conclusions to be drawn although Lopez Gomez (1987) suggests that the deposits 

are confined to the eastern downthrown side of a NE-SW palaeofault to the west of 

Boniches.

2.7.3 Buntsandstein sedimentation: Correlations B and C (Fig. 2.14)

Correlation B : Following Lopez G6mez (1985) and P6rez-Arlucea (1987) 

sedimentation of the Buntsandstein facies began with deposition of the Hoz de
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Figure 2.15 Isopachytes of Saxonian facies sediments (Permian). Data 
sources are indicated, see text for description.



Gallo Conglomerate Formation in the Sierra de Albarracin and the Boniches 

Conglomerate Formation in the Serrania de Cuenca. In both, the clasts are of quartz 

and are matrix supported. Isopachytes for these formations are shown in Fig. 2.17. 

The Tremedal high remains as a prominent feature in the S.Albarracin and 

thicknesses decrease towards this high from north, east and west (Fig 2.16 & 2.17). 

A strong onlap relationship at the southern margin of the Sierra Tremedal (Plate 

2.2a) suggests that thicknesses also decrease towards the high from south to north. 

Onlap was oblique onto the southern margin of the Sierra Tremedal: at Torres de 

Albarracin (G.R. 78456504, Log H, Appendix. 1) Saxonian facies sediments rest 

directly on basement, but are absent at Tramacastilla where Hoz de Gallo 

conglomerates overstep Palaeozoic rocks up a 10° palaeoslope (Plate 2.2a). Further 

west, at Checa (G.R.76026670, Log C), conglomerates are absent and medium 

sandstones rest directly on a gently undulating basement surface (Plate 2.2b).

The maximum thickness of conglomerates in the S.Albarracin occurs on the 

southern margin of the S.Menera where ca. 100m are reported (Perez-Arlucea,

1987),(Fig. 2.17). This depocentre trends NW-SE but swings NNW-SSE towards the 

western margin of the Sierra Carbonera. A minor depocentre, with a thickness of 

75m, is also developed at Molina de Aragon (Fig. 2.16, Log A). Logs I and J 

reveal a marked thinning from the western to eastern margin of the Sierra 

Carbonera to the southeast of Albarracin (Fig. 2.16 & 2.17, Plate 2.1). Clast 

imbrication indicates palaeoflow directions which were orthogonal to the margins of 

the S.Tremedal and Nevera (Fig. 2.19, Plate 2.3a) and these are interpreted as the 

result of progradation of major alluvial fan systems derived from the sierras during 

the Lower Triassic (Perez-Arlucea, 1987; Ramos et al., 1986). Palaeocurrents in 

Log I (S.Carbonera, W margin) flow generally west.

The equivalent formation in the Serrania de Cuenca (the Boniches 

Conglomerate Formation, correlation B) reaches a maximum thickness of 220m at 

Henarejos (G.R. 784583) but thins to the northwest and southeast (Lopez Gomez, 

1987). It is absent on the northern margin of the Sierra Valdemeca and is 

represented by only 50m at Chelva (G.R. 805582), (Lopez Gomez, 1985). To the 

north of Henarejos only 125m of multi-event channelled conglomerates (Plate 2.2d) 

passing upwards into red silts, poorly cemented grits and conglomerates were 

recorded in log K (Appendix 1, Canete) suggesting a gradual thinning in this 

direction. Clast imbrication reflects E or NE trending palaeocurrents (Fig. 2.19) 

except at Chelva (G.R.805585) where they trend NW.

Correlation C : In the S.Albarracin correlation C l of logs A-I (Figs. 2.14 & 

2.16) comprise the Rio de Gallo and Rio Arandilla Formations which are
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Figure 2.16 Fence diagram of measured logs from around the Sierra de 
Albarracin. Letters a, b, cl and c2 refer to the correlations drawn in Fig. 
2.14. Note the thinning from both NW and SE onto the Tremedal high, 
slight thinning northwestwards and the dramatic thinning from the western 
margin of the Sierra Carbonera (1) towards the east (J).
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^ S 4  'r
Correlation B Isopachytes

Buntsandstein  
Conglomerates & S sts

j  S u ggested  trend  
/  (w here hidden)

V,1 non-sedimentation  

depocentre

Figure 2.17 Isopachytes of Hoz de Gallo Formation and Boniches 
Formation conglomerates (correlation B, Fig. 2.14). Lower Triassic 
(Thuringian). Data sources are indicated
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Plate 2.2a Triassic/Palaeozoic unconformity at Tramacastilla, southern 
margin of the S.Tremedal looking east (see text). Laterally extensive 
conglomerate sheets with thin sandstone drapes overstep Palaeozoic 
psammites and quartzites with angular unconformity. The palaeoslope is 
ca. 10-20°.

Plate 2.2b Triassic/Palaeozoic unconformity at Orea, southern margin of 
the S.Nevera (see text). The block in the centre is Palaeozoic quartzite 
mantled by Buntsandstein sandstone with "Liesgang" rings, a diagenetic 
feature related to the flow of fluid through the sediment. Compared with 
2.2a the palaeoslope has reduced.

Plate 2.2c Overturned normal faults (l-2m throw) next to the 
Palaeozoic/Triassic unconformity at Nogueras (see text)

Plate 2.2d Multi-event sheet, braided stream and channel fill 
conglomerates south of Canete (Log K). Note the reactivation surfaces 
indicating some channel meander right to left and the graded bedding in 
the channel fill.
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characterised by trough and planar cross stratified red medium sandstones with thin 

conglomerate horizons separated by the Prados beds which are thin bedded 

micaceous sandstones and mudstones with common pedogenetic carbonates and 

trace fossils. The Rillo de Gallo Formation shows a similar distribution to the 

conglomerates which it overlies but by this stage the S.Tremedal and Nevera have 

been largely overtopped. The Prados beds are limited to depocentres around the 

Sierras Menera, Calderos and Carbonera with the S.Tremedal region once again 

exposed (Perez-Arlucea, 1987). The Rio Arandilla Formation is limited to the region 

to the north of the S.Tremedal (Perez-Arlucea, 1987) and was not recognised at the 

Sierra Carbonera during this study possibly due to a change to conglomerate 

sedimentation next to the active Sierra Carbonera Fault.

The upper conglomerate unit or Riba de Santiuste Formation (Ramos et al., 

1986) represents a regional marker horizon subdividing the sandstone formations 

(Fig. 2.16). It is thick at Molina de Aragon (ca. 50m) but not present around the 

Sierra Nevera and the west of the Sierra Tremedal. The formation is not seen at the 

Sierra Carbonera but may be unrecognisable due to unbroken conglomerate 

sedimentation throughout the lower part of the Triassic. The conglomerates are 

massive, with trough and planar cross stratification and possess a greater proportion 

of sandy matrix and more rounded clasts than conglomerates of the Hoz de Gallo 

Formation. Clasts commonly have greeny grey ferruginous coatings which may 

relate to reworking of exposed clasts from the Hoz de Gallo Formation.

According to Perez-Arlucea (1987) the overlying Rillo Sandstone and Mud 

Formation (Correlation C2, Fig. 2.14) is only deposited to the north of the Sierra 

Tremedal, however, at Tramacastilla (G.R.779650, Log G) sandstones, which could 

belong to this formation, occur above the Riba de Santiuste conglomerates. 

Sandstones which overlie the conglomerates at the Sierra Carbonera could also 

belong to this formation if the lower, Rillo de Gallo sandstones are unrepresented. 

This would imply complete coverage of the S.Tremedal and Nevera at this time 

since an emergent high would have shed some material into the basin.

In the Serrania de Cuenca the Alcotas Sandstone and Mud Formation 

(correlation C l, Fig. 2.14) gradually increases in thickness NW-SE from Valdemeca 

(100m, G.R.765620) to Chelva (168m, Lopez Gomez, 1985). From Boniches (110m, 

G.R. 770593, Lopez Gomez, 1985) northeastwards to Canete (115m, 773603, Log 

K) little change in thickness is observed. At Canete (Log K, Appendix 1) the rocks 

are dominated by massive parallel laminated and current rippled muds with 

occasional intercalations of conglomerates at the base to medium-fine sandstones 

towards the top.
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Figure 2.18 Isopachytes of Lower-Middle Triassic sandstones (correlation 
Cl + C2, Fig. 2.14). Data sources are indicated
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Figure 2.19 Palaeocurrent directions from sedimentary structures in Lower 
and Middle Triassic clastic sediments (N>20). General palaeocurrent 
directions (arrows) are for N<10.
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Plate 2.3a Imbrication of cobbles at the west margin of the Sierra 
Carbonera (Log. I). Palaeocurrent direction is to the right.

Plate 2.3b Well developed trough morphologies in Buntsandstein 
sandstones at Orea, southern margin of the S.Nevera.

Plate 2.3c Trough cross stratification in Buntsandstein sandstones, the 
Sierra Valdemeca.
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The Canizar Sandstone Formation (correlation C2, Fig. 2.14, 2.16) is 

dominantly arkosic and shows little NW-SE variation in thickness. At Boniches 

165m of sandstones were measured by Lopez Gomez (1985) and this thins to 75m 

at Canete (Log K). Isopachytes for the formations of correlations Cl and C2 are 

shown in Fig. 2.18.

Palaeocurrents in the sandy formations (Plate 2.3b & c) of correlations Cl 

and C2 flow NW-SE perpendicular to the earlier conglomerate palaeocurrents but 

axial to the main basement faults such as the Hesperican Fault and Sierra Menera 

Fault (Fig. 2.19).

2.8. THE TRANSITION PHASE (Middle and Upper Triassic, Megasequence 2)

Rocks of the Mid-Upper Triassic form a decollement horizon in the Iberian 

Ranges above which most of the thin skin thrust structures develop. The dominance 

of evaporitic minerals in the rocks has resulted also in the development of diapirs. 

Because of their association with the development of cover structures in the area 

their distribution and sedimentology is complex and is considered in relation to 

tectonic developments in Chapters 3, 4 and 5.

2.9. THE JURASSIC SUBSIDENCE PHASE (Megasequence 3)

The Rhaetic marine transgression at the beginning of the Jurassic saw the

development of a stable marine platform which lasted until the Late Jurassic-Upper

Cretaceous Neokimmerian and Austrican phases of instability (Alvaro et al., 1979).

The stratigraphical and palaeogeographical development of the platform is

summarised in Figs. 2.20 to 2.27. A summary of the Jurassic stratigraphy of the SE

Iberian Ranges can be found in Bulard et al. (1971) and more recently in Goy &

Suarez Vega (1983) and Gomez (1979). Much of the data for Figures 2.20-2.27

comes from I.G.M.E memoires (1978-1986) supplemented by data from Melendez

Hevia (1971) and Viallard (1973). The interpretation of the palaeogeography based

on these data is original. Formation names are after Goy et al. (1976).

Sedimentation began with well-bedded dolomites deposited in hypersaline

conditions in the intertidal and supratidal zones of a restricted platform (Gomez,

1979). Most of these Rhaetic deposits are not preserved (Fig. 2.20) and this is

thought to relate to tectonic erosion at the lower contact with mobile Upper Triassic

(Keuper) rocks (I.G.M.E, 1983d). Dolomite sedimentation and diagenesis continued

during the Hettangian to Lower Sinemurian (Fig. 2.21) and was related to a similar
(Fig 221)

environment. Marine fossils are restricted to the northwest of the area^defining a 

NW-SE palaeohigh which was prominent throughout the Jurassic. Sedimentation of
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evaporites also occurred in the Montes Universales and the Serrania de Cuenca and 

the later dissolution of these deposits by meteoric waters led to the collapse of the 

stratified dolomites and the development of breccias (Ramirez, 1986). Water depths 

gradually rose during the Lias (Sinemurian-Carixian, Fig. 2.22) accompanied by the 

change from dolomite to limestone and sandy limestone sedimentation especially in 

the north. Dolomite continued to be deposited to the south of a palaeogeographic 

divide which approximately followed the northern margin of the Montes 

Universales. By the Toarcian (Fig. 2.23) the Liassic transgression had reached a 

maximum (Ramirez, 1986) and sedimentation was dominated by limestone and 

marls. The area was divided into a sheltered platform (shelf) to the southwest and 

an open platform (basin) to the northeast by a NE-SW zone of bioclastic shoals 

along the shelf margin. This palaeogeographic divide became more apparent during 

Middle Jurassic (Dogger) times (Fig. 2.24) and was characterised by bioclastic and 

oolitic shoals, sponge bioherms and glauconite nodules, indicating a shallow high 

energy zone (I.G.M.E, 1983e). Pelagic fauna were limited to the region north of 

this zone.
During the Oxfordian to Portlandian (Fig. 2.25 & 2.26) clastic sedimentation 

became dominant over that of carbonate. Marls are characteristic of the Oxfordian 

and are frequently punctuated by thin sandstone horizons which show flute casts, 

slumps, current ripples, trough cross stratification and carbonaceous intraclasts. The 

dominantly quartzo-feldspathic nature of the sediment and the occurrence of 

tourmaline and zircon indicate an igneous origin (Aguilar, 1983), implying the 

erosion of basement material at this time. These sediments were interpreted as distal 

turbidite deposits by Garcia (1986). Clastic input to the basin waned during the 

Kimmeridgian and Portlandian, allowing a return to carbonate sedimentation in the 

form of wide oolite and bioclastic shoals with large scale planar cross-stratification. 

The palaeogeographic divide, apparent during the Lias and Dogger, continued to 

attract colonising organisms such as sponges and algae but the strata are poorly 

represented in this region possibly due to non-deposition as a result of a fall in sea 

level (Vail & Mitchum, 1979) or to erosion beneath the basal Cretaceous 

unconformity. Portlandian to Valanginian sediments are restricted to the southeast of 

the area (2.27) and reflect a change to fluvial and lacustrine conditions (Garcia, 

1986). This sea level fall and erosion of basement was a precursor to the 

Neokimmerian and Austrican tectonic events.

Fig 2.26b represents a NE-SW schematic stratigraphic section through the 

study area and is based on the facies belts in an ideal shallow marine shelf and 

basin (after Sell wood, 1986). In this case, the shelf break is inferred to relate to a
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Figure 2.20 Stratigraphic map o f Rhaetic-H ettangian sediments in the
study area (see text).
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Figure 2.21 Stratigraphic map of Hettangian-Sinemurian sediments in the
study area (see text).
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Figure 2.22 Stratigraphic map of Sinem urian-Carixian sediments in the
study area (see text).
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Figure 2.25 Stratigraphic map o f O xfordian-K im m eridgian sediments in
the study area (see text).
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Figure 2.26a Stratigraphie map of Kimmeridgian-Portlandian sediments in 
the study area (see text).

Figure 2.26b Schematic stratigraphie section NE-SW through the Jurassic 
platform (especially Kimmeridgian-Portlandian) of the study area based on 
Sell wood (1986). The position of the Hesperican Fault at the shelf break 
is shown.
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study area (see text).
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buried NW-SE palaeofault (the Hesperican Fault) which downthrows to the 

northeast. The lack of sediments relating to deep water led Melendez et al. (1985) 

to classify the platform as ramp-type.

2.10. NEOKIMMERIAN and AUSTRICAN TECTONICS: sedimentation of the 

Barremian-Albian; Megasequence 4

Regional angular unconformities occur at the base of the Barremian-Aptian 

succession and at the base of the Albian. The former is the most angular (15° 

maximum) and relates to rejuvenation of buried fault lines (Alvaro et al., 1979).

The latter is a gentle regional unconformity which relates pardy to tectonic activity 

and partly to a marine transgression.

The base Cretaceous subcrop map (Fig. 2.28) has a NW-SE structural grain 

with deepest erosion (down to Lias) and strongest folding in the region of the 

Montes Universales. Most of the area to the south of the Montes Universales is 

eroded down to the Dogger and few folds are seen. However, evidence of diapirism 

during this time is seen around Canete and La Muela (see ch. 4.9.1). The sharpest 

angular unconformity is coincident with the position of the shelf break during the 

Jurassic platform phase and therefore the hanging wall of the Hesperican Fault. 

Erosion of a northeast-facing monoclinal drag fold above the fault could have 

resulted in this geometry, however, NW-SE folds beneath the unconformity in the 

Montes Universales are incompatible with pure extension during this phase and 

according to Alvaro et al., (1979), Canerot (1979) and Viallard (1983a) these 

movements were transpressional to transtensional.

Barremian and Albian sediments are dominated by silts and sandstones, with 

occasional conglomerates occurring at the base of sequences. These were interpreted 

as fluvial-deltaic by Melendez et al. (1985). The clasts are quartzo-feldspathic with 

accessory tourmaline and mica indicaring erosion of basement igneous material 

(Aguilar, 1983). Isopachytes are shown in Fig. 2.29 along with the distribution of 

lacustrine limestones and carbonaceous deposits. Four main basins are seen and 

these are divided by an area of thin sedimentation which is coincident with the 

present Montes Universales fold and thrust zone. Directly north of Tragacete 

(G.R.756640), the NW-SE trend of basins is offset dextrally along a NE-SW fault 

which similarly offsets upper Cretaceous and Ternary strata and was therefore 

active during the Tertiary deformation of the area. The symmetry of the basins 

suggests control by a NE-SW and NW-SE structural grain. In the southern part of 

the study area, such faults were inferred by Nieves Melendez, (1983) to control the 

distribution of Barremian-Aptian sediments to the east of Canete (the most southerly
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Figure 2.28 Base Barremian subcrop map (see text for description).
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Figure 2.29 Barremian-Aptian (Wealden facies) isopachytes and locations 
of lacustrine limestone and carbonaceous accumulation (see text). V, 
Villar del Cobo; C, Canete; T, Tragacete.
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a.
Pla t e  2 .4 a  U t r i l l a s  f a c i e s  r o c k s  ( A l b i a n )  at  the  b a s e  o f  the  M u e l a  d e  S a n  J u a n  
( g r a b e n  s e q u e n c e ,  t h i c k n e s s  l( )( )m+) .  S e e  text .

b .
Pla te  2 .4 b  U t r i l l a s  f a c i e s  r o c k s  at C e r r o  de l  P u l p i t o ,  the  M o n t e s  U n i v e r s a l e s  n e a r  
T r a g a c e t e  ( h o r s t  s e q u e n c e ,  m a x i m u m  t h i c k n e s s  5 m ) .  S e e  text .
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basin on Fig. 2.29). This supports the inference of NE-SW palaeofaults which were 

active in this region during the Permian and Triassic (L6pez Gomez, 1985).

After sedimentation of the Barremian and Aptian clastic sedimentary rocks 

(Wealden facies), the sea level rose and these rocks became partially reworked. The 

base of the Albian is gently unconformable on the Barremian-Aptian and they are 

characterised by white quartzose grits with a fine detrital carbonate matrix. Locally 

medium to coarse pebble bands depict a large scale cross stratification which was 

interpreted by the author as wave generated rather than fluvial (Aguilar, 1983),(Plate 

2.4a). The thickness of this Utrillas Sandstone Formation follows the trends of the 

underlying Wealden: at Muela de San Juan the sequence is represented by some 60- 

80m of medium-coarse white grits with pebble bands (Plate 2.4a). At Cerro del 

Pulpito (G.R. 762638) in the Montes Universales near Tragacete only 5m of 

medium-fine white sands occur (Plate 2.4b).

2.11 THE UPPER CRETACEOUS SUBSIDENCE PHASE: Megasequence 5
Within the study area upper Cretaceous rocks were only locally preserved 

after the Tertiary tectonic events. In the Sierra Albarracin and Sierra Menera 

regions no rocks of this age are seen, but further to the south and southwest, Upper 

Cretaceous sections become more complete. For these reasons only Cenomanian and 

Turonian deposits are considered in this section. Upper Cretaceous formations are 

summarised in Fig. 2.30b and their main characteristics are summarised in the NE- 

SW stratigraphic chart of Fig. 2.30a. Throughout the Cretaceous, sediments thin 

over the present location of the Montes Universales and this is associated with a 

change of facies. To the south and west, the sediments are characteristically 

dolomitic while to the north they are limestones, siltstones and sandstones.

During the Cenomanian (Fig. 2.31), rising sea level led to the establishment 

of a new stable ramp-type shallow marine platform (Melendez Hevia et al., 1985). 

The shallow sea level encouraged the development of dolomite especially in the 

southwest of the area. Further to the north, sands and limestone characterised a 

deeper water open marine environment. The shelf margin followed the same trend 

as during the Jurassic and was typified by the development of algal stromatolites, 

glauconite and intense bioturbation indicative of a very shallow low energy marine 

environment. Continued sea level rise during the Turonian (Fig. 2.32) and a 

decrease in the amount of clastic influx produced a zonation of the area into 

nodular deep water limestones to the northeast and massive dolomites to the 

southwest. Rugose corals, rudist bivalves and colonising algae are typical of the 

Montes Universales region.
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Figure 2.30a NE-SW stratigraphic section of the Cretaceous seen to crop 
out in the study area. Only parts of some formations are represented due 
to erosion during the Cenozoic. Note the facies change from dominantly 
dolomitic sedimentation in the SW to limestone and clastic sedimentation 
in the NE. The facies change occurs in the current region of the Montes 
Universales. Adapted from I.G.M.E, (1986).

Figure 2.30b Mid-Upper Cretaceous Formations in the study area.
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(see text).
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(see text).
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2 . 1 2 .  p a l a e o g e o g r a p h i c  c o n c l u s i o n s  a n d  t h e i r  r e l a t i o n  t o  

TECTONIC ZONES

The palaeogeography of the S.Albanracin region during the Triassic is 

summarised in Figure 2.33. Throughout the sedimentation of the Saxonian and 

Buntsandstein facies rocks, the Tremedal high (S.Tremedal and Nevera) persisted in 

the north of the area shedding coarse material radially up to the beginning of 

deposition of the Rio de Gallo sandstone formation (Correlation Cl). The gradual 
shrinking of this source area from the start of Buntsandstein sedimentation onwards 

is interpreted by Perez-Arlucea (1987) and Ramos et al. (1986) as relating to 

hanging wall collapse of marginal NW-SE faults forming the southern boundary of 

the Sierra Menera sub-basin. However, visible growth faults around the margins of 

the Sierra Nevera and Sierra Tremedal are restricted to small scale faults within the 

Buntsandstein sequence (Plate 2.2c). Significantly, these occur on the southern 

margin of the Sierra Tremedal where Perez-Arlucea (1987) considers no thickening 

to occur. Whilst some growth faults, such as crestal collapse structures or antithetic 

faults (sen.su. McClay, 1989), may have developed on the high, the main syn- 

sedimentary faults were further from the high. The gradual increase in thickness 

northwards, to the Sierra Menera, suggests a major fault near its northern margin 

where the Triassic is thin. To the south of the Tremedal high, movement on the 

inferred NW-SE Hesperican fault may have produced a south dipping palaeoslope 

during the Saxonian and Buntsandstein sedimentation. Large thicknesses of Lower 

Triassic in the vicinity of this fault are unproven due to the thick cover of 

Mesozoic rocks, but its influence on Cretaceous sedimentation is profound 

(Melendez Hevia et al., 1985; Melendez Hevia, 1971). Following the general 

scheme of Leeder & Gawthorpe (1987), (model B), the Tremedal high may 

represent a roll-over anticline from which material could have been derived and 

deposited radially into the surrounding basins as alluvial fans. Other fans were 

derived from the scarps of the bounding faults and explain the opposed 

palaeocurrents in the region. Continued movements on these bounding faults 

produced a widening of the roll-over profiles which caused the gradual onlap that 

finally overstepped the high during deposition of the Rillo de Gallo Sandstone 

Formation. By this time the source area for alluvial sedimentation had diminished 

allowing a wide fluvial braid plain to develop. The main NW-SE faults (Hesperican 

& Sierra Menera Faults) now control the flow directions of these sediments which 

was axial to the main conglomerate depocentres.

Evidence for major growth faults can be seen at the S.Carbonera (Plate 2.1)
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Figure 2.33 Schematic block diagram of the palaeostructural framework of 
the eastern part of the Sierra de Albarracin during Lower Triassic times. 
The view is looking towards the SE from the NW of the area.
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and S.Menera. There is a profound thickness and lithological variation over the 

uplifts, and palaeocurrents from conglomerates indicate flows which are opposite to 

those at Torres de Albarracin which source from the Tremedal High. The 

orientation of the Sierra Carbonera depocentre is N-S parallel to the now uplifted 

basement which exposes a Hercynian thrust and the coincidence of this thrust with 

the sedimentary depocentre, which is dominated by alluvial fan material, suggests 

that this thrust may have been reactivated during the Permo-Triassic extension. A 

similar relationship is seen within the S.Menera. Reactivation of thrusts in extension 

(negative inversion) has been proven in a variety of settings: Enfield & Coward 

(1987) link extension, at the northwest margin of the West Orkney Basin, to normal 

movements on the Outer Isles Thrust; in the Mesozoic basins of the south west 

United Kingdom continental shelf, extensional reactivation of the SE-dipping 

Variscan thrust structures has been shown from SWAT deep seismic profiles 

(McGeary et al., 1987) and regional seismic surveys of the Celtic Sea and Cardigan 

Bay Basins (Ziegler, 1987) and the Bristol Channel Basin (Brooks et al., 1988; 

Roberts et al. 1989). In North America, Powell (1989) argued for the extensional 

reactivation of the Lewis Thrust in the Rocky Mountains of Montana on the basis 

of structural geometry. Petersen et al. (1984) recognised extensional faults on 

COCORP deep seismic profiles of the Triassic Riddleville Basin in the 

Appalachians which linked into a major low angle Palaeozoic thrust fault.

In the south of the area, Lopez Gomez (1985) suggests that the NW-SE 

change in thickness of the lower Buntsandstein formations is brought about by syn- 

sedimentary movements on NE-SW faults separating the present Palaeozoic 

outcrops. Direct evidence for the existence of these faults is limited to the apparent 

restriction of Saxonian facies sediments to the east of a fault cutting basement at 

Boniches (Lopez Gomez, 1985; 1987). Palaeocurrents show a general northeasterly 

flow but in some cases show NW and SE components on opposite sides of the 

Palaeozoic outcrops e.g Sierra de Boniches, (Fig. 2.19). In a tilt block model 

opposed palaeocurrents could result from fan progradation from both the fault scarp 

and the tilt block shoulder (Leeder & Gawthorpe, 1987).

The main palaeogeographic divide that persists throughout the Jurassic and 

Cretaceous subsidence events occurs at the northern margin of the Montes 

Universales and this is interpreted as relating to a NW-SE palaeofault downthrowing 

to the NE. Though probably not tectonically active during these quiescent periods, 

compaction in the hanging wall of the fault was sufficient to maintain its influence 

on the stratigraphy. The palaeogeographic conclusions based on the study of the 

Mesozoic stratigraphy of the whole study area are summarised in Figure 2.34.
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Figure 2.34 Mesozoic palaeostructural conclusions of the stratigraphical 
study with overlay map of present day structure (see text for discussion). 
Bold lines represent major faults whose position is known with 
confidence. Dotted faults are poorly constained.
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2.13. PALAEOGEOGRAPHY AND ALPINE DEFORMATION

The overlay illustrates the relationship between Mesozoic palaeogeographic 

zones and Tertiary structural zones. Most apparent is the coincidence of the thinned 

sequences with the Montes Universales fold and thrust belt. The Mesozoic Tremedal 

high is also coincident with the present uplifted basement Sierras of Tremedal and 

Nevera. The faulted margins of the Sierras Menera and Carbonera also relate to 

major Mesozoic growth faults suggesting positive structural inversion of these faults 

occurred during the Tertiary. Faults in the hanging wall of the Hesperican Fault are 

poorly constrained by the Mesozoic stratigraphy but may coincide with NE-SW 

Tertiary fault zones. Fold and thrust structures are not developed in the thick basin 

sequences to the north and south of the central high.

In the Serrania de Cuenca the structural control by Mesozoic faults is not so 

obvious. The NE-SW Tertiary fault zone through Campillos-Sierra, between the 

Sierra Valdemeca and Sierra Boniches (G.R. 768610), appears to coincide with a 

palaeofault which controlled the deposition of the Triassic (Lopez Gomez, 1987) 

and Barremian-Aptian (Nieves Melendez, 1983). This sedimentary depocentre is also 

coincident with diapirs of Upper Triassic strata.
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CHAPTER 3

RESTORATION OF COVER DEFORMATION IN THE MONTES UNIVERSALES

3.1 INTRODUCTION

Variations in the stratigraphy of the Permo-Triassic basement formations 

allows determination of the positions and orientations of some controlling rift 

structures, but the stratigraphic variations in cover (Chapter 2, part C) must be used 

to constrain the positions of rift structures which have no surface expression (e.g. 

the Hesperican Fault). To find the true position of these structures the Tertiary 

deformation and translation of cover relative to its substratum must be restored.

In this chapter, serial NE-SW sections are constructed at intervals of 2.5km 

and are restored to map out the areal variations of strain and depth to decollement 

in the Montes Universales. This provides closer constraints on the positions of the 

Hesperican Fault and other buried basement rift structures. Variations in the 

thickness and sedimentology of the decollement strata (Middle and Upper Triassic) 

in the Montes Universales are related to variations in the style of cover 

deformation.

3.2 SECTION CONSTRUCTION, RESTORATION AND THE 

CALCULATION OF DEPTH TO DETACHMENT

New field data have been combined with existing maps (IGME, 1978-1986) 

to produce seventeen NE-SW serial sections across the area (Encl. E3 and E4). The 

sections are perpendicular to the strike of the cover thrusts and folds (Enclosure E3) 

and application of the "Bow and Arrow rule" of Elliot (1976) indicates that the 

sections are approximately parallel to the direction of thrust transport.

No ductile thinning of fold limbs can be seen on the scale of single 

outcrops, so the folding is assumed to be concentric. This assumption allows a 

close approximation of the true structure to be gained by employing the arc 

construction method of Busk (1929). Within the Montes Universales fold and thrust 

zone, only Liassic strata exhibit sufficient continuity of outcrop and uniformity of 

thickness for them to be balanced and restored. Below the base of the Lias, 

diapirism in Middle to Late Triassic rocks accommodates space problems in the 

cores of anticlines (Viallard, 1973; Riba, 1959; Hernaiz et al., 1990) and leads to 

the development of box-fold geometries, especially in the east of the Montes 

Universales zone. The similarity in style between the Montes Universales thrust and 

fold structures (Enclosure E4) and those seen in the Alpine Jura (Laubscher, 1977)
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suggests a shallow level of d6collement. Locally intense deformation of Middle and 

Upper Triassic strata (Plate 3.1a) suggests decollement at this level.

In thrust belts where thrust movement is in one direction only, sections are 

normally pinned at the undeformed foreland and restored in the reverse order of 

their formation. In the study area, thrusting in two opposed directions (Encl. E4) 

has left no undeformed foreland and the sections must be pinned at the "facing 

confrontation" where it is assumed that, if the two opposed sets of thrusts and folds 

developed by sequential propagation towards the centre of the zone, the amount of 

relative movement between basement and cover is at a minimum. Backtilting of 

thrusts occurs close to this confrontation zone (Encl. E4) but the displacement 

associated with this backtilting is small (ca. 100m) compared with the total 

displacement (c.a. 3000m) across the whole zone.

Enclosure E5 shows sample restorations of sections e,h,k & n (Encl. E4) to 

the base of the Tertiary (i.e. immediately prior to the onset of compressional 

deformation). The effect of restoration is to reduce the dip of the southern imbricate 

thrusts close to the confrontation, but to increase the dip of out-of-the-syncline 

thrusts since folding preceded faulting. Restoration also clearly shows the region of 

thickened Upper Jurassic-Lower Cretaceous strata (Encl. E4). This coincides with 

the outcrop of syntectonic (therefore unrestorable) Palaeogene and Neogene 

conglomerates and sandstones which record the development of cover structures 

above the Hesperican Fault (see section 4.6).

The shortening of the cover measured from restorations of all the sections 

can be represented on a strain map (Fig. 3.1). The shortening associated with 

southwestward thrusting was at a maximum in the northwest and decreased 

southeastward, with a complementary increase in the northeastward thrust 

movements. This suggests a component of sinistral strike-slip on the zone and 

therefore a slightly transpressional regime. Some of the thrust movement is 

therefore out of the plane of the cross-sections, introducing an error into the 

measurement of contractional strain. However, the restorations are not used to 

constrain the section interpretation but only for the approximate repositioning of the 

Hesperican Fault which is now aligned with the NNW-SSE Hercynian structures 

observed within the Sierra Nevera and Sierra Tremedal basement uplifts (Riba 

1959),(see Fig. 7.1).

The detachment depth at any position can be found using the excess area 

technique (Ramsay & Huber, 1987, p554). Fig. 3.2a shows part of section i (Encl. 

E4) across the Mesoneras box fold (northern Montes Universales). The uplifted 

cross-sectional area of the Middle and Upper Triassic in box fold A (between
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Figure 3.1 Map of thrusting direction and magnitude of shortening 
estimated from restoration of sections a-p (Encl. E4 & E5, the length of 
the arrows relate to the map scale). Note the point of inflection 
immediately north of Valdemeca suggesting a transpressive component to 
deformation in the Montes Universales.
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points p & q, stippled) is 2.18km2. The restored length of the folded and faulted 

marker layer (base Lias) is 4.85km wheras the direct length between p & q is 

4.0km giving a layer shortening of 0.85km. Dividing the uplifted area by the 

restored length gives an average depth to the basement of 450m. Similarly, for 

anticline B, the average depth to basement is 175m. This suggests a tapering wedge 

of decollement strata on the restored section (Fig. 3.2b), thinning to the southwest.

Mesoneras

sw B A NE

X —

500 1

"500m

Figure 3.2a Calculation of depth to detachment for two anticlines on 
section i (Encl. E4), see text. The Middle and Upper Triassic decollement 
strata are stippled.

U . C r e t a c e o u s

L i a s

B = 175m
A - L 5 0 m

Figure 3.2b The restored cover and decollement.

Calculations for all sections (a-p Encl. E4) allow the construction of a map 

(Fig. 3.3a) of minimum thickness of Middle and Upper Triassic strata which can be 

added to measured thicknesses at outcrop (Encl. E3) to produce a map of thickness 

variations throughout the study area (Fig. 3.4). Figure 3.3b shows the elevation of 

basement in the Montes Universales.
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Figure 3.3a Isopachyte map of Middle and Upper Triassic strata in the 
central Montes Universales (minimum thicknesses only, large thicknesses 
are stippled) restoration and depth to decollement calculations for sections 
a-p (Encl. E4 & E5), see text for description.

Figure 3.3b Contour map (maximum elevation above sea level) for the 
base of the decollement strata (top basement) in the central Montes 
Universales fold and thrust zone. Lows are stippled.
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Figure 3.4 Minimum thickness isopachytes of Muschelkalk and Keuper 
strata; (a) data from Melendez (1971), (b) data from Perez-Arlucea 
(1987), (c) data from Viallard (1973). See text for description.
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3.3 THE STRATIGRAPHY AND SEDIMENTOLOGY OF THE MIDDLE 

AND UPPER TRIASSIC AND ITS RELATIONSHIP TO THE STRUCTURAL 

STYLE IN THE MONTES UNIVERSALES
The strata outcrop around the margins of the upstanding Palaeozoic Sierras 

and are also seen in the cores of diapirs (Encl. E2 and Fig. 5.1). Diapiric outcrops 

include those at Royuella and Villel east and west of the Sierra Carbonera, 

Tragacete, Valdemoro-Sierra (not sampled) and the network of outcrops around 

Canete and La Muela. The sedimentologies of the sampled locations are listed in 

Table 5.1 (Chapter 5).

Changes in the thickness and sedimentology of decollement formations 

affects the extent to which they are able to flow during deformation and 

subsequently, the style of thrust and fold structures developed in cover above them 

(Davis and Engelder, 1985). In the study area, the minimum total thickness of 

Muschelkalk and Keuper increases from approximately 100-200 metres in the 

northwest to in excess of 1500m in the southeast (Fig. 3.4). This trend is 

complicated by a number of diapiric walls trending N-S to NE-SW.

In the Montes Universales, figure 3.3a indicates that the Middle and Upper 

Triassic strata are thin in a NW-SE band through the centre and south of the zone 

and this also corresponds to the maximum elevation of the basement above sea 

level (ca. 0.7km, Fig. 3.3b). Thin Middle and Upper Triassic strata imply higher 

shear stresses at the base of the moving cover (Davis and Engelder, 1985) and 

resulted in a predominance of imbricate thrusting over decollement folding (sections 

h-p, Encl. E4). Towards the east and northeast, thick sequences correspond to an 

increase in the proportion of detachment folding relative to thrusting. The thickest 

Middle and Upper Triassic rocks in the Montes Universales (ca. 500m, Fig. 3.3a) 

occur immediately south of Villar del Cobo, (G.R.771646) where an anastomosing 

network of faults (Fig. 4.1), interpreted as a transtensional (negative) flower 

structure by the author (Maxwell & Degnan, 1988b), trends perpendicular to the 

most northern thrusts of the zone. The present topographic expression of the Alto 

Tajo-Valdecabriel thrust/fold is mild at this locality whilst the footwall sync line is 

at its tightest implying a depression of the top of the basement (see section 4.4 for 

discussion).

The Triassic stratigraphy for the areas of outcrop north and south of the 

Montes Universales is summarised in figure 3.5a & b following Perez-Arlucea 

(1987) and Lopez-Gomez (1985). It is characterised by silts and marls, often with 

gypsum (Plate 3.1b), and by dolomite horizons of varying thicknesses (e.g. the 

Albarracin Dolomite Formation only occurs east of Tramacastilla, Plate 3.1c). In the

84



Figure 3.5a Permo-Triassic tectonostratigraphic section across the Sierra 
de Albarracin (after Perez-Arlucea, 1987). The Keuper and Muschelkalk 
are coloured.

Figure 3.5b Permo-Triassic tectonostratigraphic section across the Serrania 
de Cuenca (after Lopez-Gomez, 1985). See below for NE-SW correlations 
of formations.

SIERRA DE ALBARRACIN ( P e r e z - A r l u c e a ,  1 987 )

SERRANIA DE CUENCA ( Lope z - Gomez ,  1985) Y . M . T e . ,  T . L . T e . ,  L . T e .  T e r o l e j a  M a r ) ,
S h a l e  and Gypsum ( a n h y d r i t e )  Fm. 
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north, the presence of the gypsum rich Tramacastilla Shale Formation east of 

Nogueras (G.R. 777653), has facilitated imbricate thrusting of the Tramacastilla 

Dolomite Formation (Plate 3.1a).

To the south of the Montes Universales (Fig. 3.5b), there is a more gradual 

thickening from Cueva de Hierro in the northwest to Chelva in the extreme 

southeast. A rapid increase in the gypsum content of the Mas Silt and Marl 

Formation also occurs east of Boniches (Fig. 3.5b) and a similar phenomenon is 

observed in the Keuper. In common with the northern zone these two levels 

sandwich a prominent southeastward thickening band of dolomite (the Canete 

Dolomite and Marly Limestone Formation) which shows imbrication where it is 

underlain by gypsum rich formations.
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Plate 3.1a Panorama from Nogueras (G.R.777653) looking east towards 
Tramacastilla. Palaeozoic basement rocks crop out on the left of the 
picture (light brown) and these are overlain by red Buntsandstein alluvial 
and fluvial deposits. Above the Buntsandstein keuper and Muschelkalk 
marls are poorly exposed but the Tramacastilla Dolomite Formation can 
be clearly seen forming the synformal hill to the right of the photo. The 
outcrop is discontinuous to the east and west as a result of boudinage. On 
the left of the hill two exposures of the formation can be seen compared 
with only one on the right. This is a result of thrusting towards the north.

Plate 3.1b Typical Keuper exposure north at Albarracin (G.R.791648). 
This is 15km to the west of plate 3.1a and the Keuper is considerably 
thicker here. The Rhaetic dolomites form the top of the hill centre-left.

Plate 3.1c Exposure of the Albarracin Dolomite Formation 2km east of 
Albarracin (G.R.792647) which directly overlies the Buntsandstein 
sandstones. This sandy dolomite with ripples and wave generated cross- 
lamination is replaced by marls at Tramacastilla (Plate 3.1a). Tramacastilla 
was on the margins of the Tremedal high throughout the Triassic and so 
formations are thin or absent. Albarracin, however, was closer to the 
Sierra Carbonera graben and so formations are thicker with a more 
pronounced marine influence.





CHAPTER 4

THE INFLUENCE OF THE HESPERICAN FAULT ON DEFORMATION
IN THE COVER

In this chapter the evolution of deformation over the Hesperican Fault scarp 

is investigated by a case study of the Alto Tajo-Valdecabriel (A-T-V) thrust (the 

most northerly thrust of the central part of the zone). The relationship between 

syntectonic Tertiary continental sedimentation in the Alto Tajo intermontane basin 

and the development of meso-structures is then used to constrain the timing of 

deformation of the cover over the basement fault scarp. This is related to 

contemporaneous deformation in other parts of the study area and to published 

dates from other parts of the range. The continuity of displacement to the north of 

the Montes Universales is discussed in terms of thin skin and thick skin models to 

quantify the amount of basement fault inversion especially with respect to the 

Hesperican Fault. The fault zones within the hanging wall to this fault (the Muela 

de San Juan synclinal zone) are described and the Villar del Cobo transtensional 

negative flower structure (Maxwell & Degnan, 1988b) is used as a case study. The 

effects of diapirism on the evolution of structures in the hanging wall of the 

Hesperican Fault is then investigated and related to the palaeogeography. Published 

finite element and photoelastic models of compressional stress partitioning in the 

vicinity of a basement fault scarp, such as the Hesperican Fault, are summarised. 

One of these models is repeated for tensional boundary conditions to investigate the 

effect of oblique movement of detached cover away from a fault scarp and to 

compare this with models of deformation for the hanging wall of the Hesperican 

Fault.

4.1 MEASURED SECTIONS

Two detailed NE-SW sections (Enclosures E6a & E6b) were constructed 

from field data to examine the cover deformation in the vicinity of the Hesperican 

Fault. They were chosen to bisect each of the lobes of the dominantly Palaeogene 

intermontane basins of Alto Tajo and Valdecabriel (Fig. 4.1). Within the Montes 

Universales, the depth to decollement has been placed at 500m below the base of 

synclines and a depth to basement has been assumed for a Permo-Triassic rift phase 

thickness of <100m inferred in Chapter 2. The thickness of rift and post-rift 

sediments in the hanging wall of the Hesperican Fault is schematic but has been 

chosen to give a sensible roll-over profile for the top basement level. The
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Figure 4.1 Generalised topographic and structural map of the Alto Tajo- 
Valdecabriel region showing the position of sections E6a and E6b. The 
black horizon is the outcrop of the Toarcian Turmiel Limestone 
Formation.



Hesperican fault itself has been restored to its true position and is drawn as a 

straight fault dipping 60-70°NE.
On the sections (E6a & E6b), the restored position of the Hesperican fault is 

associated with slight flexures in the cover above it and these form the 

southwestern limbs of gentle synclines, preserving Cretaceous strata in their cores 

(Muela de San Juan on E6a, Casas de Frias on E6b). On the Alto Tajo section 

(E6a), the depth to basement in the footwall decreases away from the fault (see Fig. 

3.3b) producing a gentle slope, up which the cover folds and thrusts have been 

displaced. The disharmonic relationship between folds in the basement and those in 

the cover is obvious but a further less obvious disharmony exists within the cover 

sequence due to folding and thrusting above a second minor decollement level in 

the Toarcien Turmiel Marl Formation (to the left of E6a). Within the main 

decollement, imbrication of Muschelkalk dolomites, between lower Muschelkalk and 

Keuper gypsiferous marls, can be observed to the extreme northeast of section E6b 

at the margins of the Sierra Tremedal basement (Plate 3.1a). This is further 

evidence for their role as an incompetent decollement horizon, however, the shear 

direction suggested by the imbrication of these strata is opposed to the direction of 

cover displacement over the Hesperican Fault. The decollement is shown on 

sections E6a & b as a planar discontinuity but the occurrence of shear structures 

throughout the decollement strata imply that they deform as a layer of distributed 

ductile strain, rather than along discrete shear planes.

The first thrust to the southwest of the trace of the buried Hesperican Fault 

(Fig. 4.1) forms a linear topographic ridge running NW-SE (Plate 4.1). The top of 

the ridge is generally ca. 250m above the Tajo valley, but decreases to only 20m 

where the two Tertiary intermontane basins join at El Nacimiento del Rio Tajo 

(G.R. 768638). This also coincides with the intersection of the thrust front with the 

Villar del Cobo flower zone, which trends perpendicular to the strike of the thrust 

plane. Further to the southeast, the thrust is associated with another linear ridge 

which forms the northeast border of the Valdecabriel Tertiary basin.

4.2 THE ALTO TAJO SECTION AT EL PORTILLO

The thrust is well exposed at El Portillo (G.R.766642, Plate 4.2). At this 

locality, it juxtaposes intensely deformed, medium bedded micrites of the Dogger 

against Neogene alluvial fan breccias, underlain by Palaeogene sandstones and silts. 

This exposure coincides with the only well preserved Neogene alluvial fan at the 

mountain front. The thrust is also backstepped toward the northeast at this locality 

(Plate 4.1).
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P la te  4 .2  V ie w  o f  the  El P o r t i l lo  th rus t  s t ru c tu re s  m a p p e d  in f ig u re  4 .2 . 
R e d  N e o g e n e  c o n g lo m e r a te s  (left)  a re  o v e r th ru s t  by  w h i te  M id d le  Ju ra s s ic  
m u d s to n e s  w h ich  are c o m p le x ly  d e fo rm e d .

P la te  4 .3  F ra c tu re  c le a v a g e  b en ea th  th ru s t  T 2 b  (Fig . 4 .2 ) ,  see  tex t fo r  
d is c u s s io n .
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Figure 4.2a shows the structures found in the bedded micrites at El Portillo. 
Due to the intense fracturing, bedding is largely obscured but it is just discernible 

(Plate 4.2) and can be shown to be overturned from evidence of geopetal structures 
in small gastropods.

Two sets of faults can be recognised at El Portillo: the latest set are thrusts, 

dipping NE, parallel to the main frontal thrust, but folded into synforms (Plate 4.4) 

plunging towards 325*. At locality A (Fig. 4.2) vertical fracture surfaces have 

horizontal slickensides. The bedding just to the east is rotated relative to the NW- 

SE striking strata further along the mountain front and here strikes N-S. These data 

demonstrate the existence of a N-S dextral strike-slip fault cross-cutting and 

refolding the late thrusts (ss, Fig. 4.2a). The footwalls of many of the thrusts are 

cut by brittle fractures about lm apart forming a shear cleavage which is slightly 

oblique to the strike of the thrusts. The fabric beneath thrust plane T2b (Fig 4.2a, 

Plate 4.3) dips 25° to 016*, whilst the actual thrust dips 12° to 026*, indicating a 

slight sinistral strike-slip component of shear. This is confirmed by other small 

scale structures observed along the strike of the major thrusts. These include a 

lateral thrust ramp and oblique s-tectonite at G.R.76406440 and "gouge" with 

oblique s-tectonite at G.R.77376366.

Thrusts form typical ramp-flat (staircase) geometries (Fig. 4.2b), cross-cutting 

and offsetting an earlier set of sub-vertical fractures which themselves cross-cut the 

bedding at ca. 30* (Plate 4.5). The local overturning of the strata was 

contemporaneous with the formation of the major thrusts so the earlier fractures 

have themselves been folded. After removing the effects of folding (Fig 4.2c), these 

early fractures dip 30" NE and, in the absence of kinematic indicators, appear to be 

southwestward directed thrusts.

4.3 THE VALDECABRIEL SECTION SOUTHWEST OF FRIAS DE 

ALBARRACIN (G.R. 776640)

Along the Valdecabriel section (Encl. E6b), the thrust style becomes more 

regular and the hanging wall anticline becomes more open: limbs become straighter 

until south of Frias the fold possesses a profile similar to the fault bend kink folds 

of Suppe (1983). Hemaiz et al., (1990) consider fault bend kink folding to be the 

j  mechanism of formation of straight limbed folds in northern Maestrazgo (eastern

Iberian Ranges), however, in this case, the large thicknesses of Middle and Upper 

Triassic strata indicated by box folds, immediately to the southwest of the 

Valdecabriel fold, imply that the Valdecabriel fold did not form by fault bend 

folding.
I
j
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Figure 4.2 Structures in bedded micrites of the Chelva Mudstone 
Formation which overthrust Neogene breccia-conglomerates at El Portillo 
(76576425), A, map, B, section C, model, see text.
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P la te  4 .4  S y n fo rm a l  th rus t  p lan e  at El P ort i l lo

Plate 4.5 Downward-facing vertical early thrust fractures cut bedding at 
30° and are cross-cut by later fractures such as T2b (Plate 4.3).
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On the northeast dipping limb of the fold (Plate 4.6) occasional small, metre 

scale folds can be seen to verge northeast, in an opposite direction to the main 

thrust transport direction. These backward vergences may indicate a phase of 

buttressing (sensu Coward & Gibbs, 1986; Argnani, 1987; McClay, 1987), where 

the basement fault scarp acted as a rigid wall or buttress and inhibited the 

deformation of the cover over it. The stresses developed by this resistance may be 

alleviated by backthrusting until thrust propagation over the fault scarp occurs. 

Examples of this effect have been documented from the Belledonne and Pelvoux 

regions of the external French Alps (Tricart & Lemoine, 1986; Davies, 1982) and 

are especially well developed in the Bourg d ’Oisans syncline (Gratier & Vialon, 

1980). Backthrusting in the hangingwall of the Hesperican fault is rare and NW-SE 

striking, steeply dipping fanned cleavage is only poorly developed within the 

Oxfordian marls at G.R.76656510, (Plate 4.6). Nevertheless, buttressing may be 

responsible for the angular geometry and the occurrence of high (60-70°) dips of 

Jurassic strata on the northeast limb of the fold (Plate 4.6, Encl. E6b). The 

geometrical constructions of Jamison (1987) predict that dips of this magnitude on 

the trailing limb of a hanging wall anticline could only occur if the thrust ramp 

dipped at a similar angle. Thrust fault ramps which dip at 60-70° are not reported 

in the literature.

4.4 CAUSES OF GEOMETRICAL VARIATION ALONG STRIKE

The variation in thrust style from Alto Tajo to Valdecabriel may be 

investigated by constructing a stratigraphic separation diagram for the fault, from tip 

to tip along its length (Fig. 4.3). At the northwestern termination, displacement is 

transferred to a dextral strike-slip fault, so no thrust tip is observed. From 

G.R.76106470 to G.R.76806390 (Fig. 4.1), the separation is generally between 

Albian strata in the footwall and Middle Jurassic (Dogger) in the hanging wall. 

Minor downward peaks in the hanging wall curve (Fig. 4.3) occur where the thrust 

becomes slightly convex northeastwards exposing deeper strata in the hanging wall 

anticline. The strong upward peak in the footwall corresponds to the outcrop of the 

Neogene alluvial fan at El Portillo. The complexity of the thrust structures at this 

locality, coupled with the presence of late strike-slip deformations and the need for 

a reduced topography for fan nucleation, suggest that the El Portillo area may have 

evolved at the lateral intersection of two NW-SE, hanging wall anticlines (Fig. 4.7b, 

see Pavlis & Bruhn, 1988 for similar relationships in Utah).

A major change in stratigraphic separation occurs at the intersection of the 

thrust with the Villar del Cobo "flower" structure (Fig. 4.1). The stratigraphic
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separation between hanging wall and foot wall increases southeastwards of this 

intersection (Fig. 4.3), but stays constant for some 8km along the Valdecabriel arm 

of the structure. At G.R.77706350 (Fig. 4.1), displacement on the thrust reduces 

from ca 1km to zero in less than 2km of fault strike. From section 3.2 (and also 

Figs. 3.3a & b), this corresponds to a basement low and may relate to a 

southwestward offset of the Hesperican Fault on a sinistral NE-SW basement strike- 

slip fault. The position of this NE-SW lateral thrust ramp (sensu Butler, 1982) is 

best placed at the southern margin of the flower zone (Fig. 4.1), where small NE- 

SW sinistral faults (<500m displacement of Toarcian strata) in cover coincide with 

a change in the strike of the thrust and a sinistral offset of the Alto Tajo syncline 

relative to the Valdecabriel syncline.

4.5 THE CHRONOLOGY OF DEFORMATION AND SYNTECTONIC 

CLASTIC SEDIMENTATION AROUND THE A-T-V THRUST

4.5.1 Regional Dates

Interactions between Tertiary molasse sediments and the NW-SE and the 

NNE-SSW structures reveal a multiphase structural history (Anadon et al., 1986). 

The earliest compressional phase occurred between the Late Cretaceous and the 

Eocene but this only caused some gentle folding in regions such as the Montes 

Universales.

Riba, Villena & Maldonado, (1971) inferred a pre-Middle Stampian age for 

the earliest Tertiary compressional deformation from an intra-Tertiary progressive 

discordance at Montalban, near the northeastern margin of the Iberian Ranges. The 

general discordance, after the development of the NW-SE structures, was 

Aquitanian. However, Viallard (1973) proposed that the major NW-SE structures in 

the present study area started to evolve in the Middle Stampian to Chattian and 

possibly continued to evolve until the beginning of the Miocene. This is supported 

by vertebrate palaeontological data from the Sierra Palomera region of the Teruel 

Tertiary basin immediately to the east (Androver et a i , 1983). It is generally 

assumed that the main folding (involving NE-SW compressional stresses) took place 

after the Oligocene, but before the Tortonian of the Late Miocene, (Fallot & 

Bataller, 1926; Canerot, 1974; Alvaro et a i, 1979; Vegas & Banda, 1984).

Extension was most vigourous during the late Miocene (Canerot, 1974) 

though Vegas & Banda, (1982) suggest an Early Miocene age for areas in the 

extreme east of the range. According to Guimerii (1987) the oldest sediments 

observed within the Neogene grabens are of Lower Aragonian (L. Miocene) age.
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Localised compressive deformations have been observed in sediments post-dating 

the base Miocene at Daroca in the Central Iberian Zone (Julivert, 1954; IGME, 

1983) and within the Sierra de la Demanda in the northwest Iberian Zone (Colchen, 

1966). From studies of fault populations in Maestrazgo, Sim6n G6mez (1986; 1989) 

has concluded that the change from extension to compression was complex with no 

clear hiatus between the two events. In general, Neogene rifting became younger 

towards the south (Vegas et al., 1979).

Guimerii (1987) argues that it is impossible to establish regional correlations 

of deformation events based solely on deformation style or timing. Guimer£ (op. 

cit.) quotes Tapponier’s, (1977) application of slip line field theory to the Africa- 

Eurasia collision in which he concluded that a variety of structures may be 

produced within a mountain foreland due to the attenuation of stresses towards the 

interior of the plate. As a result, contemporaneous structures need not reflect similar 

systems of stresses and may have significantly different styles.

4.5.2 Dates and Terminology in the study area

Immediately west of the studied area, Melendez (1971) recognised several 

unconformities related to tectonic events: the first was a pre-Oligocene (Eocene- 

Oligocene boundary) event he termed the "Pyrenean" phase (Fig. 2.11) related to 

uplift of Palaeozoic massifs to produce a progressive discordance; immediately prior 

to the Miocene the "Savican-Estairican" Phase (Fig. 2.11) produced the main NW- 

SE folding and was related to NE-SW stresses transmitted from the Pyrenees where 

the major nappes were being emplaced. This phase is made up of two events which 

can only be separated occasionally. The first, named "Castellana" by Perez- 

Gonzales, (1982) is intra-Arvenian (Diaz Molina & Lopez Martinez, 1978) and the 

second, termed "Neocastellana" is Aragonian (Aguirre et al., 1976). These are 

interpreted as relating to separate pulses during the emplacement of the Pyrenean 

nappes (Guimerd, 1984).

Towards the end of the Pontian, the third or Rodanican phase (Mel6ndez, 

1971) was related to the onset of extensional relaxation of the region. Viallard 

(1973) interprets most of the observed diapirism in the region as related to these 

extensional events.

4.6 TERTIARY SEDIMENTATION AND TECTONICS IN THE VICINITY 

OF THE HESPERICAN FAULT

Three transects were studied across the Alto Tajo valley: two (aa & bb,

Figs. 4.4 & 4.6a) are perpendicular to the trend of the basin and run from El
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Portillo (G.R.76576425) to El Cubillo (G.R.76476403), and from G.R.76466433 to 

76356415. The third is parallel to the axis of the valley from Los Pincharles 

(G.R.76106460) to Nacimiento del Rio Tajo (G.R.76856375).

4.6.1 Oligocene-Miocene alluvial deposits
Oligocene to Miocene deposits at the northeastern end of section aa (Fig. 4.4 

& 4.6a), comprise blocks (from 5cm to >lm, in size) of limestone and dolomite 

within a matrix of red silt and grit grade quartz (Plate 4.7). Bedding is poorly 

developed, but can be measured from steep sided channels, from palaeosols and 

from drapes of matrix material over boulder beds (Plate 4.7). Generally the strata 

dip 10-20° SW, away from the thrust front (Plate 4.8).

Figure 4.5 is a graphic log through the breccia deposits at El Portillo. The 

breccias vary from clast supported to matrix supported, tend to be massive 

throughout and erosive bases to mass flow horizons can often be recognised. The 

total measured thickness is 60m.

The petrology of the coarse fraction reflects an unroofing sequence in which 

the bottom 40m are characterised by dolomites. These must be Cretaceous, because 

the size of the clasts (up to 1.5m diameter) indicates a local source and Lower 

Jurassic dolomites have not been exhumed in the El Portillo region. Some 40-50m 

above, the occurrence of limestone blocks with abundant oolites and crinoid 

fragments records the erosion of Portlandian material (Higueruelas Limestone 

Formation) and is followed by fossiliferous mudstones of the Upper Dogger (Chelva 

Mudstone Formation). The sediments are interpreted as the proximal deposits of an 

alluvial fan system, locally derived from the relatively rapidly uplifted region north 

of the Hesperican fault and funnelled through El Portillo.

4.6.2 Palaeogene fluvial sedimentation
The Neogene deposits rest unconformably on quartzofeldspathic silts and 

sandstones of Palaeogene (Maastrichtian-Oligocene) age and these fill most of the 

Alto Tajo & Valdecabriel valleys (Plate 4.9a). Lacustrine limestones were observed 

which were similar to those of Palaeogene age reported from the Tertiary Tajo 

Basin, to the southwest, by Anibas (1986). These contained frequent oblong algal 

oncoids and brackish water gastropods, genus Cerithes (Aragones 1983; Pomerol, 

1973; pers. comm., L.Gonzales, 1988). The limestone bands can be traced 

throughout the Alto Tajo valley (Figs. 4.4 & 4.6a) and thicken dramatically towards 

the northwest and centre of the valley with a partitioning of facies (Fig. 4.6b). 

Sandstone bodies are discontinuous and do not exhibit good channel morphologies,
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P la te  4 .7  N e o g e n e  m a s s  f lo w  d e p o s i ts  w ith  p a la e o so l  d e v e lo p m e n t  
m a n t l in g  c o a r s e  d e b r i s  f lo w  b re c c ia s  o n  the  ro a d  sec t io n  a t  E l  P orti l lo .

P la te  4 .8  T h e  N e o g e n e  a l lu v ia l  fan  p r o g ra d in g  S W  f ro m  the  th ru s t  f ro n t  
in to  the A l to  T a jo  b a s in  ( f i l led  w ith  P a la e o g e n e  f luv ia l a n d  la c u s t r in e  
m a te r ia l) .
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El Portillo: Alluvial f a n  section
( 60m total)
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Figure 4.5 Vertical graphic log (60m) of Neogene conglomerates, breccias 
and silts reconstructed from roadside exposures on a section travelling due 
west from El Portillo.

104



Figure 4.6a Sections a-a & b-b through the Alto Tajo Tertiary basin.

Figure 4.6b Interpretation of fluvial and lacustrine facies belts in the Alto 
Tajo basin during the Palaeogene. The basin is asymmetric to the NNE. 
During periods of fluvial sedimentation, a thin limestone breccia 
developed at the NE margin of the basin and sandstone channels were 
concentrated in this direction. During lacustrine periods, limestone breccia 
may persist at the active northeastern margin but algal oncoids formed in 
the shallows.
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Plate 4.9a The Alto Tajo Tertiary intermontane basin looking along the 
strike of vertical Cretaceous rocks at its NE margin towards El 
Nacimiento del Rio Tajo.

Plate 4.9b A channel fill at the lateral extremity, and base of, the El 
Portillo alluvial fan (Neogene), oblique to the thrust front (white 
limestones in the background).

Plate 4.9c Concentrations of Palaeogene sandstone horizons dipping 70°NE 
(overturned) close to the thrust front at El Portillo.



I
gfeifl'S
m:j 0  '':-$ik 
i

1
■



but tend to be concentrated in the region immediately adjacent to the thrust front 

(Plate 4.9c), diminishing in number towards the southwest. The ratio of sandstone 

to silt varies throughout the basin but is generally less than ca. 1-20. The sediments 

are interpreted as low energy flood plain deposits of a meandering river system, the 

position of which was controlled by the asymmetry of the basin.

4.6.3 Interpretation of the sedimentation and tectonics around the Hesperican 

Fault scarp
The discontinuous outcrop and meandering nature of Palaeogene channel 

bodies means that palaeoflow directions are difficult to interpret. However, it is 

possible to test whether the flow was parallel to the strike of the major fold 

structures because in this situation the channels will crop out parallel to the 

limestone bands which define the folded structure of the basin. Figure 4.4 shows 

these limestone marker bands and in most cases it is possible to correlate sandstone 

outcrops between exposures, especially in the southeast of the map. The flow was 

therefore roughly parallel to the NW-SE striking fold axial planes and the 

concentration of channels close to the mountain front suggests that the Palaeogene 

basin was asymmetric and steeper sided in this direction. The dominance of quartz 

and feldspar implies erosion of basement material, although it is sufficiently fine 

grained to have travelled some distance, possibly from the large deeply eroded 

regions of the Rama Castellana in the Central Iberian Zone (Fig. 2.4). The scarcity 

of marginal alluvial material and the quiescence implied by the development of 

oblong oncoids in the lacustrine limestones, similar to modem examples described 

by Jones and Wilkinson (1978), suggest that uplift of the basin margins was 

relatively slow.

Figures 4.7a & b summarise the Tertiary evolution of the Alto Tajo basin 

and its relation to the mountain front. The concentration of Palaeogene uplift along 

the northeastern margin produces overstep onto Cretaceous material to the southwest 

(Fig. 4.7a). There are two possible mechanisms responsible for the marginal uplift. 

Firstly, reactivation of the Hesperican fault in a reverse sense would produce the 

uplift, but would tend to be episodic and catastrophic, producing more coarse 

material than just the thin limestone breccia above the basal-Tertiary unconformity. 

Alternatively, the uplift could have been generated by diapirism in the Middle and 

Upper Triassic strata; this is ubiquitous throughout the area. Diapirism up fault 

planes is a common response to compressional, wrench (sensu Bott, 1959) and 

extensional stress regimes and has been observed directly in the Ruhr coal basin 

(Wolf, 1980) and in southern Maestrazgo (Canerot, 1989) and indirectly from
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Figure 4.7a Interpretive block diagram of Palaeogene deformation in the 
vicinity of the Hesperican Fault (looking from east of El Portillo towards 
the west). The asymmetry of the Palaeogene basin was produced by 
preferential uplift and minor early thrusting in the hanging wall of the 
Hesperican Fault for which diapirism is the most likely cause (see text).

Figure 4.7b Interpretive block diagram of Oligo-Miocene deformation in 
the vicinity of the Hesperican Fault (same view to west). Diapirism in the 
Middle and Upper Triassic strata allowed thin skin decollement of the 
cover over the previously resistive fault scarp. Early thrusts were refolded 
and the rapid deformation generated coarse detritus locally which flowed 
into the Alto Tajo basin region via El Portillo. This sedimentary conduit 
evolved at the lateral intersection of two fold-fault structures and was 
typified by low relief and complex deformation.
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seismic reflection profiles of the Sole Pit and other regions of the southern North 

Sea (Glennie & Boegner, 1981; Jenyon, 1985a & b; Hospers et al., 1988).

The Oligocene-Miocene alluvial fan deposition was contemporaneous with 

the main folding and thrusting of the cover over the Hesperican Fault (Fig. 4.7b). 

This relatively rapid deformation is correlateable with the emplacement of the major 

Pyrenean and Betic Nappes at the plate margin (Guimer&, 1984). However, plate 

margin processes may not be the only control; the reorientation of the slip horizon 

produced by a diapiric Palaeogene uplift above the Hesperican fault (Fig. 4.7a), 

may have reduced the buttressing effect of the fault scarp allowing propagation of 

the decollement over the basement fault scarp during the Oligo-Miocene.

4.7 D IS P L A C E M E N T  L IN K A G E  O V E R  T H E  H E S P E R IC A N  F A U L T : thin 
skin vs. thick skin tectonics

The theoretical and experimental analysis by Sanford (1959) of the structures 

produced above a vertically displaced block, showed that reverse faults 

tended to decrease in dip upwards (Figs. 4.8a & b). Coward (1983) used the 

analysis to show that low angle reverse faults (dipping <50°), originally interpreted 

as thin skin phenomena, could be reinterpreted as linking into steeper basement 

structures and quotes examples from fault zones near the margins of orogenic belts, 

such as the Southern Alps and the Pyrenees (de Sitter, 1964) and from the 

Laramide uplifts in Montana and Wyoming, where reverse faults flank areas of 

basement uplift (Prucha et al., 1965; Steams, 1975) and many associated smaller 

faults have not been considered as imbricate faults, but as secondary structures 

related to the folding and arching developed as the dip of the main fault decreased 

upwards (Wise 1963)

Such a "thick skin" model (sensu Coward, 1983) can be envisaged to link 

the displacements observed in the Montes Universales with movement on an 

"inverted" Hesperican fault. It can be investigated by analysing the change in 

stratigraphic separation between comparable hanging wall and footwall positions 

normal to the fault strike (Fig. 4.9).

4.7.1 Th ick skin tectonics
The southwestward directed thrusting and folding in the Montes Universales 

has a maximum shortening of ca. 2km, locally 1.5km on the Alto Tajo section (Fig.

3.1). Assuming displacement is linked to the Hesperican Fault (dipping at 70°NE), 

this converts to a heave (H) of 1.41km. If both sides of the fault behaved perfectly
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Figure 4.8a The results of analogue models by Sanford (1959) show that 
vertical displacements of rigid basement blocks produce faults in cover 
which flatten upwards and dip towards the hanging wall.

Figure 4.8b Theoretical and experimental fracture profiles from Sanford 
(1959) for a hanging wall displacement of half the thickness of the cover, 
numbers on theoretical curves denote assumed value of the angle of 
internal friction, see also text for discussion.
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rigidly, then erosion should have exposed strata in the hanging wall at least down 

to the Liassic or Triassic (Fig. 4.9a), but uppermost Cretaceous material is 

preserved on Muela de San Juan (G.R.76406510) only 5km north of the Montes 

Universales.

Alternatively, recent work by Watterson (1986) and Barnett et al. (1987) has 

shown that the geometry of a fault plane in an elastic-plastic medium can be 

considered as an isolated ellipse in which displacement decreases from a maximum 

at the centre of the ellipse to zero at the tip (Fig. 4.9b). This is known as "reverse 

drag". The relative displacement of beds perpendicular to the fault plane also 

decreases to another elliptical tip line and these two orthogonal ellipses define a 

displacement ellipsoid whose major axis is the fault plane (Fig. 4.9b). A 

relationship for the variation of displacement normal to the fault plane (equation

4.1) has been derived by Barnett et al. (1987):

(1 - y)2 + (1 - x)2 = 1 (4.1)

where the "normalised distance" y is the distance perpendicular the fault

expresssed as a proportion of the distance to the tip line and the "normalised 

displacement" x is the displacement parallel to the fault as a proportion of the 

maximum fault displacement at the centre of the fault plane.

Enclosure E2 shows that, where it outcrops, the strike length of the A-T-V 

thrust is ca. 20km and in order for Santonian and Campanian strata to be preserved 

on La Muela de San Juan, the fault related uplift of the hanging wall must decrease

to <500m at only 1.5km from the inferred position of the fault (Encl. E6a). If the

maximum displacement on the fault plane is 2km, equation 4.1 gives a major/minor 

axis ratio for the fault ellipse of 23.3. The dimensions of thrust and reverse fault 

ellipses are poorly constrained (Walsh and Watterson 1989), but ellipticities of 

between 1.25 & 3.0 were quoted by Rippon (1985), Barnett et al. (1987), Walsh 

&Watterson (1989) and Gibson (1989) for well constrained normal faults in the 

Derbyshire Coalfield of England. As suggested by Gillespie (pers. comm., 1988) 

and Brown (1989) thrust faults should have similar ellipticities, so the ellipticity 

value of 23.3 required for 2km displacement of the Hesperican Fault is much too 

large. In addition, the 2km total displacement, between basement and cover in the 

Montes Universales, is not taken up on a single discrete fault, but rather on a series 

of detachment folds and thrusts (Encl. E2). These continue for some distance 

beyond the terminations of the Alto Tajo-Valdecabriel structure. If this increased 

strike width of the underlying Hesperican Fault is considered then the required
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Figure 4.9 Hypothetical cross sections analysing thick skin linkage of 
displacement in the Montes Universales into the Hesperican fault. The top 
section shows the basin at the end of the Cretaceous. Section A assumes 
that strata in the vicinity of the fault behave perfectly rigidly, present 
topography is superposed. Section B assumes that the deformation around 
the Hesperican Fault is contained within an ellipsoid and that 
displacement parallel to the fault varies continuously throughout this 
volume (see text for discussion). Campanian strata could only occur at 
Muela de San Juan if the fault had an ellipticity of 23:1 and significant 
extension occurred in the hanging wall.
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ellipticity rises further still.

In conclusion, it is improbable that the Tertiary crustal shortening observed 

in the Montes Universales is linked to displacement on the Hesperican Fault. The 

models of Sanford (1959) and Vendeville (1989) reinforce this conclusion (Fig.

4.8b): a 1.5km displacement would only allow a steep to vertical Hesperican Fault 

(Fig. 4.9a) to flatten to <45° at some 8-10km above the fault scarp. In the footwall 

of the Hesperican Fault, the Triassic detachment horizons extend only 1km above 

the scarp, necessitating a far more rapid decrease of dip (Encl. E6a and E6b). This 

could be facilitated by the occurrence of a footwall shortcut (Fig. 4.9), predicted 

mechanically by Knipe (1985) and similar to those proposed by Powell (1987) for 

inversion of the Benton Fault in the Variscan orogen of SW Wales and by 

Hayward and Graham (1989) for the origin of detached basement slices in the 

external French Alps, but, the presence of such a structure is unproven.

4.7.2 Th in  skin tectonics:
Thin skin detachment of basement and cover is the most likely 

explanation for the development of folds and thrusts in the Montes Universales. 

Within the study area, shear fabrics in the decollement formations (Muschelkalk and 

Keuper), around the margin of the Sierra Tremedal, are assumed to indicate relative 

movement between basement and cover to the north of the Hesperican Fault (Encl. 

E2 & E3). However, shear structures are not seen at the northern margin of the 

Sierra (see Ch. 5), suggesting that cover is only detached locally. Following the 

models of Barnett et al. (1987), the thrusts and folds of the Montes Universales 

may be considered as isolated structures, with displacement decreasing in all 

directions. At a certain distance from the thrusts, relative movement between the 

cover and its substratum would be imperceptible, as is the case at the northern 

margin of the Sierra Tremedal. Planar NW-SE extension faults occur (Enclosures 

E3, E4 & E6a & B) but are concentrated above the inferred position of the 

Hesperican fault (Encl. E6b) and it is more likely that they are accommodation 

structures, formed by reactivation of the fault during the Neogene radial extension 

of the range (inferred using fault populations from other areas of the ranges, 

Simon-Gomez, 1989) rather than the result of extension within the thrust fault 

ellipse. This suggestion seems to be supported by the slight flexure above the 

Hesperican fault seen on both sections of enclosures E6a & b but this could also be 

produced by flowage of the d6collement strata towards the footwall during the late 

stages of compression or during Neogene extension.
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4.7.3 Displacement linkage conclusions
Consideration of strain compatability requires that, on the scale of the range, 

the basement must shorten to the same extent as the cover, however, if the 

decollement level is thick enough to accomodate the disharmony, basement and 

cover may shorten in different areas, possibly by different methods from those 

observed in the cover. Davis & Engelder (1985) combined field examples from the 

Appalachian plateau, Swiss Jura and Franklin mountains of NW Canada with simple 

mechanical models to show that thick, mechanically weak layers such as salts can 

allow narrow cross-sectional tapers to mountain belts i.e. movement of cover 

relative to basement is possible over large (>50km) distances, without building 

substantial vertical relief. In this way, shortening of basement may occur to the 

north of the A-T-V thrust by dip-slip inversion of smaller graben faults (such as the 

S. Menera F., S.Carbonera F. see section 7.5.), strike-slip reactivation of steep faults 

and the accentuation of previous palaeogeographic highs by folding (Chapter 7).

4.8 S T R IK E  P A R A L L E L  E X T E N S IO N  IN  T H E  H A N G IN G  W A L L  T O  T H E  
H E S P E R IC A N  F A U L T

NE-SW normal and strike-slip faults dominate the cover in areas north of 

the A-T-V thrust and sometimes merge with the NW-SE faults, implying a 

contemporaneous development. Both these faults sets are not seen to cross-cut the 

A-T-V thrust (Fig. 4.1, Enclosure E2 & E3) and their restriction to the hanging 

wall only implies they were coeval with the emplacement of the thrust.

4.8.1 General geometry (refer to Encl. E2)
From Moscardon (G.R.782639) and Terriente (G.R.781637), at the 

southeastern termination of the A-T-V thrust, to Los Mesones (G.R.755652), north 

of Tragacete, there are four zones of faulting which trend at high angles to the 

strike of the A-T-V thrust (Encl. E2 & E3). From southeast to northwest, these 

vary in style from a wide zone of extensional faults at Moscardon, to a 

transtensional (negative) flower zone at Villar del Cobo, to a thin anastomosing 

fault and fold zone which offsets the Alto Tajo Palaeogene basin dextrally at Los 

Pincharles (G.R.76136460) and to a N-S thrust at Los Mesones, which swings NW- 

SE to join the Montes Universales structures at G.R.75606500 (Encl. E2). The 

variation in style is shown on the hanging wall section in enclosure E7.

4.8.2 The structure o f the area around V illa r  del Cobo
In the region around Villar del Cobo (Figs. 4.1 & 4.10) a gentle NE-SW
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anticline in the hanging wall strata of the Hesperican Fault plunges towards the 

southwest, exposing a zone of normal, oblique and strike-slip faults which widens 

down plunge, reaching a maximum diameter of 3-4km where the faults intersect the 

A-T-V thrust. Overall, the zone shows a well developed flower zone geometry (Fig.

4.10) which is exposed best around the village of Villar del Cobo where it cuts 

strongly layered Middle Jurassic pelagic micrites of the Chelva Limestone 

Formation.

The structure in this region (Fig. 4.11a) consists of a central down-faulted 

block, separating two complexly faulted margins. Each margin comprises an 

anastomosing series of major faults which show a variation in displacement along 

their length (Plate 4.10 & 4.11). Small WNW-ESE normal faults occur at the 

terminations of major NE-SW fault segments, where bulk strain was transferred to 

other subparallel faults and local extensional strains were high. The main faults are 

slightly en-echelon and may be riedel or p-shears which are associated with a 

variety of minor fault orientations (Fig. 4.11a), especially in the regions between 

major faults (Plate 4.12). The most important minor faults strike ESE-WNW and 

complex cross-cutting relationships with the major bounding faults show that they 

developed contemporaneously.

The area can be divided up into six sectors (A,B,C,D,E & a central zone, 

Fig. 4.11b): Sectors A, B and C occur on the western margin of the structure and 

are bounded by faults which have slickensides reflecting both strike-slip and normal 

displacements. Towards the west the faults become more oblique to the axis of the 

zone and form a strike-slip extensional fan of the type described by Woodcock and 

Fischer (1986).

The central downthrown block exposes Kimmeridgian rocks of the Frias 

Marl Formation (Plate 4.12) and down dip to the southwest, Albian rocks of the 

Utrillas Sands Formation. Few faults were observed in these strata. The bounding 

faults are steep and are exposed in cuttings of the Griegos-Tramacastilla road which 

passes E-W through the area.

Sectors D and E are enclosed by the overlapping portions of two NNE-SSW 

en-echelon strike-slip faults and are separated by a N-S fault which, in the south, is 

offset sinistrally by the eastern NNE-SSW fault (Fig. 4.11a & b). Following the 

conventional strain ellipse model (e.g. Wilcox et al., 1973) the N-S fault can be 

interpreted as an early Riedel shear later cut by p-shears parallel to the bulk shear 

direction of the zone and forming the boundaries of the domains.
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Figure 4.11a Structural map of the area around Villar del Cobo (see text 
for discussion).

Figure 4.11b Structurally distinct and isolated sectors bounded by major 
faults with strike-slip sense of movement shown. Photo localities m (Plate
4.11), n (Plate 4.12), o (Plate 4.13), p (Plate 4.14), q (Plate 4.15a), r 
(Plate 4.15b), s (Plate 4.16b), t (Plate 4.16a).
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Plate  4 .10  O n e  o f  the m a jo r  N E -S W  zone b o und ing  faults (V illa r  de l  C o b o )  fo rm s the va lley  on the 
righ t bu t d isp la c e m e n t  dec reases  rap id ly  tow ards  the fo reg ro u n d  and  is taken  up on  ano ther ,  slightly 
e n -ech e lo n  fau lt  w h ich  d o w n th ro w  O x fo rd ian  m arls  (left cen tre)  against the ups tan d in g  l im es tones  o f  
the D o g g e r  w h ich  a lso  show  p ro m in en t  ex tens iona l  faults.

Plate 4.11 E v id en ce  o f  rap id  d isp lacem en t  grad ien t at a lateral fau lt  tip. T h e  field  a ss is tan t  is s tanding 
on  the h an g in g  wall w ith  the foo tw all  d irec tly  behind.
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P la te  4 .1 2  V ie w  lo o k in g  n o r th  to w a rd s  V i l la r  d e l  C o b o .  O x f o r d ia n  m a r l s  
( f o r e g r o u n d )  are  d o w n t h r o w n  in the c e n t ra l  b lo c k  o f  the  f lo w e r  s t ru c tu re  
r e la t iv e  to  c o m p le x ly  fa u l te d  D o g g e r  M u d s to n e s  at the  m a rg in s .

P la te  4 .1 3  C u r v e d  s l ic k e n s id e s  o n  a  N E - S W  fau l t  a t  th e  w e s te rn  m a r g in  
i n d i c a t in g  e a r ly  e x te n s io n  c h a n g in g  to  la te r  s in is t ra l  s t r ik e  slip.
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4.8.3 M in o r  structures at V illa r  del Cobo
Stereograms of poles to minor fault planes for subzones A, B and C (Fig. 

4.12a) and subzones D and E (Figs. 4.12b) show a complexity which is in contrast 

to the larger scale structure. A similar stereogram of all fractures recorded from the 

region to the north of the Montes Universales (Fig 4.12c) shows a rather random 

fracture pattern reflecting the complex extensional evolution of the basin (Chapter 2, 

part C). Taking into account the great variation in orientation of pre-existing 

fractures and the possibility for each of these to be reactivated, a complex array of 

minor structures is to be expected, either accomodating local strain incompatabilities 

or reflecting the regional conditions of stress. Most normal faults, however, strike 

NNE-SSW, parallel to the main bounding structures, especially at the western 

margin.

Poles to strike-slip fault planes, though showing a wide variation, generally 

relate to planes oriented E-W and NW-SE. For both margins, faults showing more 

than one slickenside orientation are ringed (Figs. 4.12a & b). In most cases, normal 

movements precede strike-slip (Plate 4.13). On the western margin multiple 

generations of slickensides are confined to structures parallel to the bounding faults, 

but in the east many orientations of faults show this characteristic.

Slickenside striae and fibres on faults at both margins (Figs. 4.13 a & b) 

show early normal movement on the NW-SE structures. Later strike-slip movement 

on these is sinistral, suggesting the bulk shear on the zone is sinistral. The ESE- 

WNW faults are dextral.

NE-SW striking thrust faults are parallel to the zone margins as are some of 

the minor fold axial planes (Fig. 4.13c). These NE-SW structures are concentrated 

in the immediate vicinity of the bounding faults. Others strike NW-SE, parallel to 

the regional fold trend and are related to NE-SW regional compressive stresses. 

Slickensides on bedding planes are also seen and show a maximum of three 

generations of linear to curvilinear lineations (Fig. 4.13d) whose relative ages were 

determined.

4.8.4 K inem atic interpretation o f the V illa r  del Cobo area
The Villar del Cobo structure is interpreted as a system of nested fault 

domains such as those described from New Zealand by Freund (1974) and modelled 

by Garfunkel and Ron (1985). The boundaries of these domains are formed by the 

major NNE-SSW sinistral strike-slip faults and WNW-ESE dextral strike-slip faults, 

which allow anticlockwise rotation of the domains during bulk sinistral shear of the 

zone (Figs. 4.14a & b). Following the argument of Woodcock (1987), the absence
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Figure 4.12a Poles to faults from the western margin of the zone (sectors 
a, b & c) in southern hemisphere equal area projection. The dashed line 
encloses an area of normal and strike-slip faults which parallel the 
boundaries of the zone. Faults with multiple striations are circled.

Figure 4.12b Similar projection of poles to faults for the eastern margin 
of the zone (sectors d & e). Most strike-slip faults strike ESE-WNW.

Figure 4.12c Similar projection of poles to fractures (faults and joints) for 
the area of gently dipping strata to the north of the Montes Universales.
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Figure 4.13a Slickenside lineations in southern hemisphere equal area 
projection from the western margin of the zone. Extension and thrusting 
is directed ENE-WNW perpendicular to the trend of the zone. No 
extension parallel to the strike of the zone is seen. Dotted circles are 
sinistral, open circles are dextral.

Figure 4.13b Similar projection of slickenside lineations for the eastern 
margin of the zone. Normal movements are also confined to ESE-WNW.

Figure 4.13c Similar projection of minor fold axes and extension veins for 
the whole area. Extension veins reflect radial extension, fold axes are 
horizontal and are mosdy parallel to the zone margins but are also 
perpendicular.

Figure 4.13d Similar projection of bedding plane slip lineations from 
sectors a-e. Progressive rotation of slip direction is clockwise opposite to 
the bulk rotation of the blocks but must be so to accommodate decreasing 
torsional strain up section.
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of dip-slip slickensides on WNW-ENE faults indicates that the sectors were not 

undergoing any elongation parallel to the zone but were perfectly free to rotate. 

Within sectors A to E, which form the relatively complex margins of the zone, N-S 

and ENE-WNW strike-slip faults are interpreted respectively as Riedel shears and 

antithetic Riedel shears (R*), relating to a NE-SW shear plane and a sinistral strain 

ellipse (Wilcox et al., 1973).

With the great variety of pre-existing fault orientations oblique-slip 

slickensides should be the norm. However, displacements have tended to be taken 

up on different faults as separate dip-slip and strike-slip movements (Fig. 4.13a & 

b). Woodcock (1987) proposes that examples of this phenomenon, within strike-slip 

zones in Mid-Wales, are a result of deformation at a shallow level, where the 

tendency for one principal stress to be vertical was a strong control. At Villar del 

Cobo, some slickensides on minor faults parallel to the zone boundaries (Plate 4.13) 

show two separate slip events; an early extension and later strike-slip. This ESE- 

WNW extensional phase is possibly linked to diapirism during the Neokimmerian 

tectonic event.

Minor thrust faults and folds which were parallel to the bounding faults may 

have accommodated space problems produced around the keels (circled in Fig. 

4.14a) of rotating blocks as proposed by Garfunkel & Ron (1985). Low angle 

extension faults also parallel the bounding faults of the zone and accommodate 

voids produced by the same process.

Strain compatability in a rotating domainal system requires a third low angle 

set of slip planes to accommodate vertical strain variations within the domains 

(Woodcock, 1987). At Villar del Cobo, bedding surfaces are utilised and 

slickensides for most of the subzones a-e show a gradual variation (Fig. 4.13d) 

from ESE slip to later north and northwest directed slip. The slickensides are linear 

to slightly curved and the change in slip direction is resolved into separate 

increments, similar to those deduced theoretically by Mandal and Chakraborty 

(1989) for roto-translational slip rather than slip in which the translation direction 

changes continuously (curvilinear-translational motion). This is further evidence for 

block rotation. The bedding plane slip acts as a decollement facilitating the 

development of structures such as detachment folds (Plate 4.14a & 4.14b), domino 

fault blocks (Plate 4.15a) and listric faults (Plate 4.15b).

4.8.5 Summary

The tectonic evolution of this structure (Fig 4.14b) began with early 

extension perpendicular to the trend of the margins and later sinistral strike-slip,
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Figure 4.14a Kinematic interpretation of the Villar del Cobo structures as 
a system of nested rotating fault domains. Sinistral bulk shear on the zone 
margins causes dextral movements of ENE-WNW faults and an 
anticlockwise rotation of the domain. Space problems are accommodated 
by folding at the keels (circled) and normal faulting in the adjacent voids.

Figure 4.14b Block model of deformation in the Villar del Cobo region, 
(a) ESE-WSW normal faulting (b) sinistral shear on zone margin faults 
(c) dextral movements of ESE-WNW striking faults cause anticlockwise 
rotations of the domains (d). Vertical variations in extensional and 
torsional strain produce bedding plane slip (e) providing a decollement for 
listric extensional faults and tilt blocks (f) and detachment folds (g).
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with domainal block rotation. Bedding plane slip linked detachment folds to listric 

extension faults and tilt blocks. These accommodated local extensions and 

compressions which resulted from space problems arising during rotation of a 

domainal system. In this way, any net area change by layer parallel extension or 

compression is unlikely during strike-slip deformations. The main role of bedding 

plane slip is to accommodate differential displacements between different levels in 

the downthrown blocks. This is emphasised by the folds in Plate 4.14a which show 

many slip layers.

The rotation of the bedding plane slip directions is clockwise, opposite to 

the bulk rotation of the blocks. However, such variations in bedding plane slip are 

interpreted as accommodating the vertical decrease of torsional strain during the 

progressive block rotation.

4.9 HALOKINESIS AND HALOTECTONICS; ITS RELATIONSHIP TO 

BASEMENT FAULT STRUCTURES AND THE PROM OTION OF 

FAULTING IN COVER.

Salt diapirs are well known features of folded belts and sedimentary basins.

It is generally admitted (Jenyon, 1986) that: (1) diapirs derive from evaporitic layers 

deposited at the base of the sediment pile; (2) salt movement is possible as a 

consequence of the mechanical properties of gypsum and other evaporite salts which 

may be deformed plastically under stress (see ch. 5); (3) salt movement may occur 

either as halokinesis; an isostatic process resulting from the buoyancy of evaporites 

relative to its surrounding medium or as halotectonics which involves the 

application of tangential compressive stress to a sedimentary pile containing 

evaporitic layers.

Mascle et al. (1988) have shown that salt diapirs, which were likely to have 

formed on the Tethyan margin prior to its deformation to produce the Alpine 

chains, played an important role in nucleating thrust faults. In Maestrazgo, in the 

southeastern Iberian Ranges, Canerot (1989) has shown how halokinesis and 

halotectonics played an important role in modifying the geometry of the cover strata 

during the Mesozoic subsidence and Neokimmerian tectonic events. Canerot {op. 

cit.) observed that the distribution of diapirs was strongly influenced by the 

basement rift structure and that the most intense halokinetic and halotectonic 

movements took place in the hanging walls to basement extensional faults.
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4.9.1 The hanging wall o f the Hesperican Fault: deform ation models involving 
evaporites.

The palaeogeographic conclusions of Chapter 2 suggest that there should be 

substantial thicknesses of Middle and Upper Triassic rocks in the hanging wall to 

the Hesperican Fault and these should possess a high proportion of evaporites if 

they compare to those seen in the vicinity of Albarracin.

Enclosure E7 shows hanging wall sections of the A-T-V thrust, which passes 

through the NE-SW fault zones. The position of the basement is schematic, but 

based on the stratigraphic conclusions of Chapter 2. Two interpretations are shown 

which could account for the observed distribution and style of the structures. In 

both cases the mobile Middle and Upper Triassic evaporites and marls thin towards 

the northwest and form pillows which accommodate, or are responsible for, the 

broad open folding of the cover about NE-SW axes. The anticlinal crests of these 

pillows coincide with the zones of faulting and the results from Villar del Cobo 

suggest that these may have formed initially as a result of extension along the outer 

arc of the passive cover fold (Fig. 4.15).

The pillows could form in two ways: In case 1 (Encl. E7), the basement 

surface in the Hesperican Fault hanging wall is broken by growth faults orthogonal 

to the fault strike. These are restricted to the area immediately surrounding the 

fault. The pillows form by salt movement up the fault planes due to differential 
overburden loading. This behaviour has been modelled experimentally using 

displaced rigid blocks and asphalt as the mobile layer (Parker & McDowell, 1955) 

and seismically imaged in the Zechstein basin of the central and southern North Sea 

(Jenyon, 1985a; Hospers et al., 1988). Following Parker & McDowell (op. cit.), the 

fault zones could be formed due to the subsidence of the cover after salt migration 

from the hanging wall region. The Moscardon-Terriente zone (Encl. E2 & E7) is 

possibly a good example of this behaviour, but in other cases the pillows seem to 

be too broad with height to width ratios of 1:12 (Encl. E7). This compares with a 

ratio of 1:1 for fault related Celtic Sea and Southern North Sea examples (Jenyon, 

1985a, 1986). However, according to Parker & McDowell (1955) the width of the 

salt swells is independent of the initiation mechanism and is controlled only by the 

original thickness of the salt layer.

Alternatively, case 2 (Encl. E7) assumes an ideal reverse drag profile for the 

Hesperican fault (Gibson et al., 1989), with no faults cutting the hanging wall 

basement. In this case, salt swells would be possible due to the changes in 

overburden loading parallel to the fault strike. Assuming a 1:1 ratio between width 

of swell and salt thickness and an average radius of the peripheral sink of 3-4

1 2 8



Figure 4.15 Salt rollers/swells from the East Texas Salt Basin nucleate at 
isobaric contours on an easterly dipping basement surface and are 
responsible for broad open folding of Jurassic strata but with little or no 
piercement. Over the swells, zones of faults or "crestal collapse" grabens 
form in response to outer arc extension above the swell. The salt swells 
and fault zones become wider as the salt becomes thicker to the east 
(from Bally, 1983).
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dome diameters (Parker & McDowell, 1955), a 5km sink radius (taken from the 

apex of the Muela de San Juan syncline to the center of the Villar del Cobo 

’flower’ zone) gives a dome diameter, and therefore a hanging wall salt thickness, 

of 2 x 5/3.5 = 2.7km. This suggests that the dips of the roll-over profiles assumed 

in enclosures E6a & b may be underestimates.

Hospers (1988) has shown statistically that salt swells within tilted strata 

nucleate at isobaric contours such as those shown in figure 4.15. This implies that 

the swells within the hanging wall to the Hesperican fault should not extend 

perpendicular to its strike because this would be perpendicular to the contours of 

the inferred rollover of the top basement surface. However, models of salt diapirism 

in perfectly horizontal strata show that salt pillows and ultimately salt walls, form 

polygonal patterns in plan (Gussow, 1968; Talbot, 1987). An admixture of isobaric 

and polygonal behaviours may allow the strike perpendicular swells to extend 

northwards, but diminish in amplitude as the tendency to form parallel to the fault 

increases. The lack of evidence for salt swells to the northwest is due to the 

gradual decrease in thickness and evaporite content of the mobile Middle and Upper 

Triassic strata (Chapter 3).

The timing of formation of these salt swells is problematical as experiments 

and theory suggest that salt can become gravitationally unstable once an 

overburden, with densities corresponding to typical clastic sequences, reaches a 

thickness of between 1000 and 2000m (Gussow, 1968; Jenyon, 1986). Although 

Canerot (1989) proposed that salt movements were initiated by halokinesis during 

the Lias, he suggests that the major movements, which aided the formation of 

collapse breccias and gravitationally induced slides in the Liassic rocks of 

Maestrazgo, were halotectonic, promoted by the Neokimmerian tectonic events. In 

the study area, Aptian and Albian deposits exposed within the Villar del Cobo 

"flower" zone are medium to coarse silty sandstones, much finer grained than 

equivalent strata which occur at the base of the Muela de San Juan syncline, 2km 

to the west (G.R.76706450), and which are typified by coarse wave stratified pebble 

beds, cemented sandstones and freshwater limestones. The absence of coarse elastics 

at Villar del Cobo suggests it may have been a local high during Albian 

sedimentation which may be related to underlying salt swell formation. Further 

evidence for Lower Cretaceous diapirism can be seen at Salvacahete (Serrania de 

Cuenca G.R.788615) where Aptian and Albian elastics can be seen to onlap an E- 

W diapir of Triassic rocks (Enel E2,E3 & E4, section q). This shows piercement 

through Jurassic strata which dip steeply away from the structure, but a clear 

sedimentary contact with Middle and Upper Cretaceous rocks.

isobaric contours: contours of equal vertical (gravitational) loading
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Further movements continued throughout the Cretaceous and were enhanced 

during the Tertiary when variations in compressive tectonic stress led to salt 

diapirism in the hanging wall of the Hesperican Fault forming an anticline in cover 

rocks, parallel to the strike of the fault, which controlled the distribution of 

Palaeogene fluvial sediments.

4.9.2 S E -N W  variation in fault style; relationship to graben structure and 
sedimentology o f the decollement

Enclosure E7 also shows the trace of the A-T-V thrust where it cuts the 

hanging wall strata. A component of thrust movement parallel to the hanging wall 

of the Hesperican Fault was inferred in Chapter 3 and this thrusting would have 

been directed from Terriente towards Villar del Cobo. The southeastern tip of the 

thrust plane coincides with the Terriente extensional faults where the decollement 

horizon is thickest. Tensional stresses would develop above this tip and these would 

be greatly amplified by the presence of a northwestward dipping basement fault 

(Case 1, Encl. E7). Using analogue models scaled for gravity, Richard (1989) 

investigated the structures produced in cover strata lying above a reactivated 

oblique-normal basement fault. The results showed that, whilst all models generated 

normal faults in the hanging wall, an increase in the evaporite thicknesses led to a 

widening of the fault zone. Furthermore, similar experiments by Vendeville (1989) 

demonstrated that cover faults did not link with the basement fault. These 

relationships may explain the width of the Terriente zone and its restriction to cover 

strata which is associated with thick developments of Upper Triassic marls 

containing abundant evaporites (e.g. around Royuela, G.R. 78506440).

The change from dominantly extensional faults at Terriente to a thinner 

extension and strike-slip zone at Villar del Cobo (Encl. E2) can be related to the 

gradual thinning of the Upper Triassic decollement strata (Chapter 2). The shear 

stresses, which resist decoupling, increase as a decollement horizon thins and the 

proportion of ductile evaporites diminishes (Davis & Engelder 1985). At Los 

Pincharles, the Triassic decollement is thin (less than 50m thick) and contains only 

traces of evaporites giving rise to high shear stress at the base of the cover and a 

resistance to its westwardly directed movement. High compressive stresses, parallel 

to the cover fault strike, led to the development of a transpressional fault. At Los 

Mesones shear stresses at the base of the cover had increased until the cover failed 

as a thrust fault.

In conclusion, the location of faulting normal co the strike of the Hesperican 

fault is governed by the distribution of salt swells and/or basement faults. These
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initiated extension faults in the cover which were reactivated in a variable manner 

during the Tertiary compression. Their style depends on the magnitude of the basal 

shear stresses which increase as the evaporite content reduces and the decollement 

layer thins (Chapter 3). The restriction of the fault zones to the area to the north of 

the Alto Tajo-Valdecabriel thrust implies that the zones most probably formed 

contemporaneously with the thrust faulting accommodating different rates of 

movement of the thrust along strike or the impeding effect of underlying basement 

structure.

4.10 The orientations and magnitudes of stresses around basement fault scarps
Stress distributions in previously faulted mediums with varying rock 

properties has been investigated using photoelastic models (Wiltschko and Eastman, 

1983), finite element techniques (Schedl and Wiltschko, 1987) and boundary 

element methods (Hyett, 1990). Faults and upwarps in basement rocks with a high 

stiffness (elastic modulus) were modelled and these were overlain by low stiffness 

material which corresponded to the cover. Gravity and Poisson’s ratio were 

incorporated in the finite element simulations, the latter being varied to take into 

account all geologically possible extremes. Various conditions of stress (increasing 

with depth) and displacement corresponding to both thin skin and thick skin 

tectonics were applied and the levels and orientations of stresses throughout the 

model recorded. Wiltschko and Eastman (1983) and Schedl and Wiltschko (1987) 

conclude that the interaction of basement and sediments is important in determining 

the geometry of thrust faults. The more rigid basement material retards the 

horizontal displacements of sediments and produces high differential stress 

perturbations in the region of the fault (Fig. 4.16). Listric thrust faults form if these 

stresses exceed the strength of the associated rocks. Local diapirism may result if 

stress shadows occur at the base of basement fault scarps. Thin skinned or thick 

skinned thrusting depends on the applied boundary conditions (Fig. 4.17): constant 

horizontal stresses in both basement and cover (CS) and constant horizontal 

displacements in cover rocks only (CDS) lead to purely thin skin thusting. Constant 

displacement on basement and cover (CDBS) produces thick skin thrusts.

Such stress concentration around the fault scarp of the Hesperican Fault is 

likely to have caused preferential failure of the cover which is thin skin, and so 

must relate to the CS or CDS boundary conditions of Schedl and Wiltschko (1987). 

Other examples of this effect were noted by Thomas (1982) from the Birmingham 

Anticlinorium in the Appalachian Mountains of Alabama and by Biermann (1987) 

from the Mosel area in the Rhenohercynian zone of the Variscan orogenic belt in
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Figure 4.16 Two dimensional finite element simulations of stress around a 
small basement fault step in compression (from Schedl & Wiltschko, 
1987). Gravity is modelled as a body force with Poisson’s ratio equal to 
0.499 in the top three models, 0.25 in the bottom. All boundary 
conditions give differential stress concentrations around the cusp of the 
basement fault scarp, but in the CDBS model this is not the maximum 
which occurs in basement below the base of the fault scarp. In the CDS 
and CS boundary conditions these are also associated with stress shadow 
zones in the hanging wall in the immediate vicinity of the scarp and this 
lateral change in differential stress may stimulate diapirism of evaporites. 
The main effect of decreasing Poisson’s ratio is to decrease the degree to 
which gravity influences the maximum principal stress directions.
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Figure 4.17 Conclusions of Schedl & Wiltschko (1989) showing regions 
of failure and orientations of potential thrust faults. With no fault steps 
thrust faults are demonstrably listric (a). With a basement step thrust 
faults nucleate preferentially at the cusp of the basement fault and 
propagate in sediments with a listric profile (CS & CDS boundary 
conditions) reflecting thin skin tectonics (b) or, nucleate in basement 
immediately below the fault scarp, initially propagating in basement, but 
ramping up into cover along the scarp (thick skin, CDBS boundary 
condition). Deformation in the region of the Hesperican Fault would most 
probably be thin skin (CS or CDS) as the disharmonic structural 
development of basement and cover precludes the CDBS condition.
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Central Europe.

The small basement step, CS boundary condition finite element model of 

Schedl and Wiltschko (1987) was repeated using the P.A.F.E.C finite element 

computer program (Pafec Ltd., 1987). All parameters of the small basement step 

model were copied (Fig. 4.18) but in this case the left hand boundary of the model 

was subjected to tensional stresses rather than compressive (Fig. 4.19). In this way 

the behaviour of stresses around a fault step could be modelled assuming movement 

of the detached cover away from the fault scarp. This represents the situation in the 

hanging wall to the Hesperican Fault where the detached cover had a component of 

northwestward movement parallel to the main fault scarp but perpendicular to 

possible smaller northwest dipping basement faults in its hanging wall (see 3.2 & 

Encl. E7).

The role of gravity as a body force is included so the maximum principal 

stress always relates to the lithostatic load pressure. However, a lithostatic stress 

shadow zone occurs in the hanging wall of the basement fault close to the fault 

scarp (Fig. 4.21) and this lateral variation in vertical loading could result in flow of 

evaporites towards the low stress region and diapirism up the fault planes.

To investigate the partitioning of the tectonic stress, contours of the value of 

s3 (the small axis of the stress ellipse) are shown "in figure 4.20. Due to Poisson’s 

effect many of these are still compressive even with tensional left hand boundary 

conditions, however, in the vicinity of the fault scarp and the basement-cover 

boundary tensional stresses do occur, leading to high differential stresses and 

possibly failure of the rock by normal faulting (Fig. 4.20). In reality the basement- 

cover boundary coincides with the decollement horizon which allows the basement 

and cover to deform as separate entities. High differential stresses in this region 

would quickly be accommodated by flow so only the fault scarp region would tend 

to nucleate extensional faults. The boundary element method used by Hyett (1990) 

overcomes this restriction.

The orientations of these extensional faults can be drawn direcdy on the plot 

of principal stress trajectories (inset on Fig. 4.21) assuming an angle of 30° between 

the major principal stress and the fault plane. This would decrease if a 3 was tensile. 

The two conjugate normal fault trajectories are markedly curved in the region 

around the basement fault scarp. Of the two trajectories (Fig. 4.21) the listric faults 

which dip towards the basement fault scarp would be favoured as movement on the 

conjugate steep faults would not produce any extension in the hanging wall. 

Furthermore, movement on the conjugate faults would lead to space problems at the 

intersection between basement and cover. Faults dipping towards the hanging wall
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Figure 4.18 The PAFEC finite element model for tensional analysis of 
small basement step with parameters and boundary conditions shown.

Figure 4.19 The deformed tensional model.
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Contours A -4.98kb B -0.9Skb C 3.07kb D 7.1 kb Maximum (most tensional) principal 
Shaded = tensional stresses stress

Figure 4.20 Contours of maximum (most tensional) principal stress in the 
model. See text for description.

Vertical load 
stress shadow zone

Figure 4.21 Principal stress trajectories and blow up of potential fault 
orientations. See text for detailed description.
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of the basement fault may take the form of antithetics which accommodate 

rotational strains induced by continued slip on the major listric cover faults (Gibbs, 

1984).

In conclusion, sinistral oblique movement of the detached cover relative to 

the strike of the Hesperican Fault would produce zones of extensional faulting over 

basement fault scarps which dipped to the northwest. Stress shadows in cover strata 

in the vicinity of these fault scarps would favour the development of diapirs. If 

these buried basement fault scarps trended NE-SW parallel to some of the major 

basement structural lines seen in the south of the area then this mechanism could 

explain the orientations of the zones of normal faulting and the occurrence of 

diapirs of Triassic rocks within them (e.g. Calomarde and Royuela).

4.11 CONCLUSIONS: COVER DEFORMATION IN THE VICINITY OF THE 

HESPERICAN FAULT

Cover deformed preferentially where it was thinnest i.e. in the Montes 

Universales. The Hesperican Fault scarp initially impeded the displacement of cover 

strata to the SW but caused a stress shadow in cover rocks in the hanging wall.

This lead to diapirism of evaporitic Triassic material up the fault plane and the 

development of a NW-SE Palaeogene intermontane fluvial and lacustrine basin with 

axial flow. In other areas to the north basement was uplifted and eroded. 

Reorientation of the decollement by diapirism facilitated displacement linkage over 

the Hesperican Fault scarp. Stress concentrations around the fault scarp comer led 

to failure of the cover as a series of NW-SE thrusts and fold segments. The 

maximum displacements on the segments coincide with thick regions of decollement 

strata and alluvial fans concentrated at the regions between fold-fault segments. 

Displacement linkage is accommodated by thin skin tectonics but bulk displacement 

of cover relative to basement decreases to the north and east. Strike parallel 

extension in the hanging wall of the Hesperican Fault initiated as crestal collapse 

above NE-SW salt swells, triggered either by stress inhomogeneity in the hanging 

walls of secondary NE-SW basement faults, or at isobaric contours on a Hesperican 

Fault hanging wall reverse drag profile. Later sinistral oblique displacement of 

cover over the Hesperican Fault scarp caused the reactivation of these fault zones in 

varying manners, depending on the thickness of the hanging wall decollement strata 

and the presence or absence of NE-SW basement faults. Finite element analyses 

indicate that where such faults dip to the northwest, the movement of the cover 

would produce tensional stresses, diapirism and extensional faulting.
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CHAPTER 5

STRUCTURES IN MIDDLE AND UPPER TRIASSIC STRATA

5.1 INTRODUCTION

During the Tertiary deformation of the region Middle and Upper Triassic 

strata (Muschelkalk and Keuper) accommodated disharmonic structural development 

of underlying basement relative to the overlying cover and facilitated the 

decollement of folds and thrusts in the Montes Universales (Richter & Teichmiiller, 

1933; Viallard, 1973). The formation and deformation of gypsum is studied and 

small scale structures are described and assessed for their value as shear indicators.

The strata crop out mainly around the margins of the upstanding Palaeozoic 

Sierras (Figure 5.1, Plate 5.1a) but are also seen in the cores of diapirs. Diapiric 

outcrops include those at Royuela (Loc. 13, Fig. 5.1) and Villel (Loc. 16) east and 

west of the Sierra Carbonera, Tragacete (Loc. 17), Valdemoro-Sierra (not sampled) 

and the network of outcrops around Cahete and La Muela (Locs. 23-34).

Changes in the thickness and type of the Middle and Upper Triassic rocks 

(Figs. 3.4-3.7) affect the extent to which they are able to flow during deformation.

5.2 FORMATION OF GYPSUM AND ANHYDRITE.
According to Tucker (1981) the primary calcium precipitate of evaporation 

can be either gypsum or anhydrite but on burial to depths greater than a few 

hundred metres all CaS04 is present as anhydrite. On uplift this reverts to gypsum. 

All CaS04 seen in the study area occurs as gypsum.

Two main types of gypsum occur: 1. Layered gypsum (primary precipitate); 

generally alternations of white pure gypsum layers and brown clay rich gypsum 

layers (Plate 5.1b) or Gypsum in "desert rose" or "pile of bricks" texture (Holliday, 

1973),(Plate 5.1a); 2. Redeposited gypsum, "chickenwire texture" (Plate 5.1c). or 

fibrous veins (Plate 5. Id). Primary precipitate Gypsum is restricted to the eastern 

half of the study area (Fig. 5.2), but redeposited gypsum (types 3 and 4) extend 5- 

10km further to the west.

The formation of type 2 fibrous redeposited vein gypsum can be directly 

related to uplift. According to Shearman et al. (1972), the veins are commonly 

parallel to bedding and the fibres grow under pressure in water-filled cavities during 

hydraulic fracturing. For the hydraulic fractures to form parallel to bedding or, i.e. 

perpendicular to the load pressure, the lithostatic load must be reduced by uplift 

and erosion. As the vein-fill formed contemporaneously with the uplift, i.e.
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Outcrop of

M uschelkalk

and K eup er  s t r a t a

DATA LOCATIONS:

1-10 Kargin of th e  S i e r r a s  
Tremedal I  N ev era .

11 Calomarde 
12 ,1 3  R o y j e l l a  
14 ,1 5  A l b a r r a c i n
16 Vi 1 l e i
17 T r a g a c e t e
18 Huelamo
19 Nac. d e l  Rio Ta jo  
20 ,21  Valdemeca
22 Beamud I m b r i c a t e s  
2 3-29  C a n e t e - S a l v a c a n e t e  

road  s e c t i o n  
30 Road t o  T e r r i e n t e  
30-34 S a lv a c a n e t e - L a  

V a c a r i z a  road s e c t i o n

r

Figure 5.1 Outcrop of Muschelkalk and Keuper strata (Middle and Upper 
Triassic) within the study area and environs. Numbers relate to data 
localities in Table 5.1.

1 4 0



ex P

ex o

P D

D

P  D



TD

141



‘150Muschelkalk 

a n d  Keuper  

Gypsum 
D e p o s i t s

200
>175

>100

>100 .

>230

*>300
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5 0 0

>>700

•>:

Montes
Universales

A. Bedded Gypsum 
(p r im ary )

Redeposi ted 
- Gypsum ( 2ndry)

onfl t o t a l  M-U Trias 
th ickness

>1500

Figure 5.2 Areas of gypsum within the study area and environs.
Primary bedded gypsum is restricted to the southeastern half ofthe study 
area but a corona of gypsum veining extends a further 10-20 km to the 
west.
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inversion, their internal structure may record the direction of shear between 

basement and cover.

5.3 MESO-STRUCTURES

There are few studies of ductile deformation in decollements and the 

associated structures are little known. Only a few studies have described the 

structures associated with the deformation of evaporitic rocks (e.g. in salt, Talbot, 

1979; in gypsum, Underhill, 1988, Malavieille & Ritz, 1989; and in anhydrite, 

Marcoux et al., 1987). These studies show that deformation is not chaotic as is 

commonly considered: on the contrary it is can be well organised and consistent 

with progressive shearing (Malavieille & Ritz, 1989). Typical structures found 

include mylonitic foliation, stretching lineations, folds of various shapes and 

orientations, shear bands and boudinage. Where the evaporites are interbedded with 

limestones or dolomites, asymmetrical pressure shadows composed of evaporite 

fibres are common (Malavieille & Ritz, 1989).

The structural associations found at the sample localities (Fig. 5.1) are 

summarised in Table 5.1 and Figure 5.3, along with the inferred shear direction 

(movement of cover relative to basement).

5.3.1 FOLDS

Folds occur in primary layered gypsum (type 1) on the scale of the layer 

(metric) and on the scale of the banding (centimetric, referred to here as intralayer 

folds). Folds in gypsum layers are generally asymmetric and are sometimes isoclinal 

and recumbent (Plate 5.2a) and their axes are normally perpendicular to the shear 

direction, although isoclinal folds often show a variation from this direction. Fold 

profiles range from parallel (Class IB, Ramsay, 1967) to similar (Class 2) but are 

commonly of intermediate type. As suggested by experiments (Manz & Wickham 

1978) these observations indicate that such folds initiate by buckling and have 

undergone further flattening during a shearing deformation. In contrast, Marcoux et 

al. (1987) studied shear structures in anhydrite at the base of thrust sheets in 

Anatolia, Turkey and found isoclinal and recumbent folds whose axes were parallel 

to the stretching lineation in the decollement and to small sheath folds which were 

considered indicative of high strain, possibly in a regime of divergent-convergent 

flow. Within the study area, sheath folds are only seen Palaeozoic strata and not in 

the decollement. Intralayer folds are often ptygmatic (Plate 5.2b) allowing no sense 

of shear to be determined but, where they are consistently asymmetric, they give 

the same sense of shear as the folded layers.
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Lo c a lit y TYPE OF SEDIMENT S t r u c t u r e s V e r c e n c e SHEAR 
STRAIN (y)

] Red/brown silts/marls + loose dolomite blocks. - - -
2 Red/brown silts/marls. Asymmetric folds in Rhaetic 

dolomites.
162°

3 R d/br silts /marls, layered dolomite. - - -
4 Rd/br silts/mrL. - - -
5 Rd/br silts/mrL. - - -
6 Thin silts/mrL. - - -
7 R d/br silts/mrls, well bedded laminated 

dolomite.
- * *

8 Purple/grey mrl + gypsum veins. Inclined vein fibres. 
Thrust fault. 
Isoclinal fold.

088°
270°
axis 360° hor.

35°

9 Vari-coloured mrl. + gypsum veins, dedmetric 
dolomite blocks.

Imbrication + boudinage of 
dolomite.

Unknown. -

10 Red mrl., layered gypsum, gypsum veins. Tight asymmetric folds. 
Inclined vein fibres.

190°.150°,170° (vergence) 
160°,200°,180° 40°

11 Layered gypsum in red mrL. S-C fabric. 270° -
12 Rhaetic dolomites (base). Asymmetric fold train. 240° -
13 Vari-coloured mrL Layered, desert-rose + vein 

gypsum. Kilometric dolomite blocks.
Symmetric + asymmetric folds. 
S-C, C' fabrics.
Folding and thrusting of 
dolomite.

270° average 
240°
240°

-

14 Red mrl + gypsum (layered, "desert rose", vein, 
"chicken-wire").

Inclined vein fibres. 
Isoclinal folds.

265°
10/040 (axis)

20°

14b
(Bezas)

Red mrl, layered gypsum. Metric isoclinal folds. 
Centimetric intralayer folds. 
Inclined fibres.

0/090° (axis)
0/282° (axis),0/254° (axis) 
160°

-

15 Red/grey mrl., + gypsum (some chaotic blocks, 
layered, "desert rose" and veins).

Tension veins (sygmoidal). 
C  fabrics.

320°
320° (approx) -

16 Red/grey mrl., thick gypsum (layered). ' 
Dedmetric dolomite blocks.

Symmetric +asymmetric folds. 
Small thrusts.
Imbricated dolomite slabs.

024° (approx fold axis) 
approx. east, 
approx. east.

-

17 Red/grey mrl., layered gypsum. Vertical layers, diapiric 
contacts.

- -

18 Rd/gr. mrl. + dedmetric doL blocks. Boudinage of dolomite. - -
19 Rd/gr. mrL -
20 Rd/gr. mrL, vein gypsum Inclined vein fibres. 220° 22°
21 Thick, well layered rd/ydlow /gr. mrl., siltst 

dolomite, no gypsum seen.
Soft sed. folds + minor thrusts 
in mrL
Complex deformation of 
dolomite.

250°

Complex

-

22 Yell/id. mrl., gypsum locally in silstone, 
dolomite blocks.

Asymmetric folds.
Extension veins.
Sygmoidal tension gashes. 
Bedding plane slickensides. 
Brecdation & imbrication of 
dolomite.

289°
strike 088°
251°
284°
Generally westwards

-

23 Red/green silts/mrl. (R/G.st/ml). - - -
24 R/G.st/mL gypsum veins. Inclined vein fibres. 340° 75°
25 R/G.sLml., occ. gypsum in layers. Asymmetric folds. 300° -
26 R/Gst/mL. - - -
27 R/G.st/ml.,occ gypsum. Folds. generally verge N. -
28 R/G.st/ml, discontinuous layered gypsum. Ptygmatic intralayer folds + 

minor thrusts.
Complex. -

29 R/G.st/ml., gypsum common; vein + layered . Inclined vein fibres. 
Occ. folds.

330° 82°

30 R/G.st/mrL + layered gypsum. Symmetrical folds. axis 270° -
31 a+b R/G.st/mrL, rich in gypsum, layered "desert- 

rose", veins "chickenwire" texture.
Refolded isoclinal fold 
Inclined vein fibres. 
Ptygmatic intralayer folds.

axes 320°
058°
Generally east but complex.

-

32 Asymmetric folds. 
Intralayer folds.

356°
complex.

-

33 ** Intralayer folds. 010° -
34 Asymmetric folds. 340° 350° -

Table 5.1 Sedimentological and structural data for localities 1-34. Data for 
the S.Valdemeca is included although the structures are not described till 
the next chapter.
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Decimetric to kilometric wavelength folds occur in strata of the 

Tramacastilla/Canete Dolomite Formation (Plate 5.2c) where folding is facilitated by 

the stratigraphic position of the formation, sandwiched between relatively low 

viscosity marls and gypsum. Deformation of the dolomite is strongly dependent on 

the thickness of the weak formations above and below and is subsequently most 

intense in the eastern half of the area.

Other metric scale folds occur in laminated dolomites at the immediate base 

of the cover (in the Imon Stratified Dolomite Formation of Rhaetic age). These are 

asymmetric kink or chevron folds in which the amplitude increases upwards from 

zero to 1 metre in 2-3 metres (Plate 5.2d). Such structures have not previously been 

studied and were interpreted to be algal stromatolitic mounds nucleating on 

asymmetric ripples (A. Latham, pers. comm. 1988). However, the folds always 

verge in the direction of shear as inferred from other structures. The rapid 

downward decrease in amplitude may relate to the profound change in competency 

that occurs at the base of the cover. However, thickening of the folded laminae into 

the cores of the folds (Plate 5.2d) suggest that the folds may have originated as 

upright stromatolitic columns which have been sheared during movement of the 

cover.

53.2 SHEAR BANDS

A variety of shear bands are developed in layered gypsum and in 

redeposited gypsum fibre horizons. These are generally brittle or brittle-ductile shear 

bands, depending on the lithological nature of the gypsum and the time of their 

development. Kinematically, it is more convenient to distinguish between normal 

fault (extensional type) shear bands (ecc of Platt and Vissers, 1980, C ' type of 

Berthe’ et al.y 1979 and tension gashes) and shear bands exhibiting a reverse sense 

of shear (contractional). S-C mylonitic fabrics are occasionally developed.

Extensional shear bands.

Extensional shear bands (Plate 5.3b & e) dip at 60-80° to the gypsum 

layering, but often they have been rotated with respect to the shear plane. The 

bands in redeposited gypsum veins generally dip 30-50° to the vein margins. Brittle 

normal faults (C' type fabrics) are developed in brown clay rich layers or as 

structures cross-cutting gypsum infills of en-echelon tension gashes (Plate 5.3e).

Pure fine grained gypsum appears to be more ductile than either brown (impure) 

gypsum or fibrous gypsum and is able to accommodate the deformation more 

continuously. Extensional shear bands are poorly developed in layered gypsum
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relative to contractional structures but, sometimes occur in conjugate sets within 

highly disrupted layers. C7 shears, cross-cutting tension gashes, are more common 

and probably relate to a second phase of shear during which the conditions of 

temperature, pressure and strain rate lie more in the brittle field.

En-echelon tension veins are the most common extensional shear structures 

and always show horizontal fibre growths (Plate 5.3b).

Shear bands o f reverse fault type and S-C fabrics.

Shear bands of reverse fault type are the most common fabric and occur on 

two scales; 10-50 cm shears within the gypsum banding (Plate 5.1b, a-a’) and l-2m 

faults which offset the whole gypsum layer and are always associated with reclined 

folds whose axes are perpendicular to the shear direction.

S-C fabrics were observed at two localities (11 & 13, Fig. 5.1) where the 

gypsum layering dipped at high (> 20°) angles to the shear plane. The C bands 

were picked out by concentrations of brown clay and the schistosity by white 

gypsum lenses (Plate 5.3a).

Shear determination from inclined fibres in gypsum veins.

Redeposited veins of gypsum are very common within the study area and in 

nearly all cases the fibres are oblique to the vein margins (Plate 5.3c). The veins 

themselves always dip less than 10° and the obliquity of the gypsum fibres to the 

vein margins suggest that there has been an element of shear, either during or after 

crystallisation. Straight, inclined fibres could only crystallise syntectonically if there 

was no change in the orientation of the axis of maximum infinitesimal extension in 

the strain ellipse. This is considered unlikely because if the veins originated as 

horizontal hydraulic fractures (Shearman et a l., 1972), progressive simple shear 

during fibre growth would cause the Fibres to curve. The shear strength of gypsum 

perpendicular to the direction of elongation of the fibres [001] is only 0.5-0.7 MPa 

(Williams, 1988) and it is most likely that the gypsum fibres underwent a simple 

shear deformation after crystallisation.

The change from anhydrite to gypsum requires large quantities of water (78 

volumes of water per 100 volumes of anhydrite, Shearman et a l., 1972) and is 

likely to take place at depths to which meteoric waters can penetrate. Boreholes 

into Purbeck strata in England show that Anhydrite and gypsum are seen to co-exist 

metastably between depths of 600 and 200 metres (Worssam & Ivemey-Cook, 1971; 

Arthurton, 1971) but above this all CaS04 is hydrated.

This constraint means that the shear deformation of gypsum veins occurred
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only after much of the cover had been uplifted and eroded. This can be correlated 

with the Palaeogene uplift, and erosion of basement north of the Hesperican fault, 

which gave rise to the deposition of fine grained quartz and feldspar (Aguilar,

1983) in the Alto-Tajo intermontane basin (Ch.4, section 4.6.2).

Fibrous Gypsum veins occur especially around the eastern margins of the 

Sierra Tremedal and the north of the Sierra Carbonera, suggesting substantial uplift 

during the Palaeogene. This was probably not enough to erode basement and source 

the Alto-Tajo basin, but enough to allow gypsum veins to crystallise.

The obliquity of the vein margins to Fibres (Plate 5.3d) is proportional to the 

shear strain (y) and the direction of shear correlates with that derived from more 

conventional shear indicators such as folds, thrusts and shear bands at adjacent 

localities (Table 5.1).

'^ - a -  -  -

a.  t ens ion  gashes ,  b.  o'  normal shears  c .  s - c  f abr i c s  
d .  asymmetr i cal l y f o lded gypsum l a y e r s ,  e .  th ru s t s ,  
f .  i n t ra la y er  f o l d s ,  g .  in c l in e d  f i b r e s  in gypsum ve ins .

Figure 5.3 Summary diagram of the mesostructures seen at localities 1-34.

5.4 IMBRICATION AND BOUDINAGE OF THE TRAMACASTILLA 

DOLOMITE FORMATION

Sandwiched between two weak gypsum rich horizons, the Middle 

Muschelkalk dolomites become extensively deformed during flow. This results in 

boudinage in some areas and imbrication in others (see Plate 3.1a). Two types of 

exposure are observed; large (decimetric to kilometric) isolated blocks, often dipping 

at high angles to the overlying cover (locations 18 & 21) and complexly folded and 

thrusted stacks of dolomite (locations 13, 16 & 22). Deformation within this 

horizon increases towards the east and corresponds with the thickening and 

increased gypsum content of the Lower Muschelkalk and Keuper formations. The 

structures were studied at two localities: 1. The Sierra Valdemeca; 2. The Southern 

Sierra Carbonera (Royuela and Villel) and are described in the next chapter.
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CHAPTER 6

THE TECTONICS OF COVER DECOLLEMENT

The poor exposure of cover strata and Tertiary sedimentary rocks in the 

vicinity of the Sierra Valdemeca means that an investigation of cover deformation, 

similar to that undertaken for the northern margin of the Montes Universales 

(Chapter 4), cannot be employed. However, rocks belonging to the Middle and 

Upper Triassic (ddcollement) strata are well exposed and this chapter investigates 

the style of structures developed within them, and the timing of development of the 

structures relative to the development of the Sierra Valdemeca basement uplift and 

Montes Universales cover structures. The large scale structural geometries in the 

vicinity of the Sierra Carbonera are also studied as an example of tectonically 

induced diapiric flow. The conclusions lead to a working model for the evolution of 

basement uplifts which may be applied to other parts of the area, and a mechanism 

for the evolution and accommodation of cover deformation relative to it.

6.1. STRUCTURES IN MIDDLE AND UPPER TRIASSIC ROCKS AROUND 

THE SIERRA VALDEMECA PALAEOZOIC OUTCROP

Middle to Upper Triassic strata are well exposed on all sides of the lozenge 

shaped uplift of Palaeozoic and Buntsandstein strata that forms the Sierra 

Valdemeca (Encl. E2, inset Fig. 6.1). Chaotic and dismembered blocks of dolomite 

reflecting boudinage are common at its northern margin (Plate 6.2d). To the west 

around Beamud (75806224), a complete sequence of Muschelkalk and Keuper can 

be studied, whilst to the east, only strata down to the base of the Tramacastilla- 

Canete Dolomite Formation can be seen. An eight kilometre section was studied 

from Beamud to Valdemeca (Fig 6.1). The section can be divided into four main 

parts. From east to west these are: Beamud; the Sierra Valdemeca fault, La 

Rinconada and Valdemeca.

Around Beamud, the Hettangian-Sinemurian dolomites dip uniformly towards 

the west and the calcareous horizons that form part of the upper Keuper continue to 

do so for a further 1km east thence changing sharply to dip east (Fig. 6.1). This is 

coincident with the appearance of extremely brecciated (2-5 metre size) coarse 

dolomite blocks (Plate 6.1a) which lie immediately beneath a thicker (10-15m), 

more laterally continuous dolomite horizon. Passing up the sequence, the strata 

become dominated by medium bedded siltstones with small nodules of gypsum.

The section is interrupted by a zone of brecciation which dips 61*SW
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Figure 6.1 Cross section across the Sierra de Valdemeca (see text for 
description)
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(labelled 1 on Fig. 6.1). Shears within the fault gouge show this to be a steep 

reverse fault, possibly similar to that which forms the western margin of the Sierra. 

Within the footwall of this fault, the stratigraphy is characterised by three 

repetitions of the dolomite/siltstone sequence in its hanging wall (Fig. 6.1). Each 

repetition begins at the base of the 10-15 metre dolomite horizon (Tramacastilla- 

Canete Dolomite Formation) which is intensely brecciated and is associated with 

gypsum filled en-echelon tension gashes (Plate 6.1c) and asymmetric folds in the 

underlying siltstones (Plate 6.1b): both suggest a westerly to southwesterly sense of 

shear. Slickensides on siltstone bedding planes trend E-W. The third and last 

repetition passes upwards into ca. 100m thickness of uniform red and green marls 

capped by massively bedded, dolomitic limestones of Hettangian-Sinemurian age 

(Tajuna Dolomite Formation) which form the top of the hill (Fig. 6.1). Repetitions 

of the Tramacastilla-Canete dolomite formation are not seen on the eastern side of 

the hill.

The repetitions are interpreted as an imbricate stack in Muschelkalk 

dolomites and siltstones, cross-cut by a later steep reverse fault which originates in 

the basement and is parallel to the larger NNW-SSE Sierra de Valdemeca fault to 

the east. The imbrication is part of a duplex {sensu Butler, 1982), formed between 

a floor thrust in Muschelkalk gypsiferous marls and a roof thrust in similar rocks of 

the Keuper (Fig. 6.1).

In the footwall to the Sierra Valdemeca fault that forms the northeastern 

margin of the Sierra Valdemeca basement uplift, dolomitic limestones of the 

Tramacastilla-Canete Dolomite Formation strike parallel to the fault and are vertical 

or slightly overturned (Fig. 6.1), demonstrating that the fault is reverse and not 

normal, as suggested by Viallard (1973). No thrust structures can be seen in the 

dolomites, but within red and green banded marls of the Keuper, small soft 

sediment folds and thrusts indicate shear in the decollement is still dominantly 

westwards (Plate 6. Id).

The region between the Sierra Valdemeca fault scarp and the village of 

Valdemeca (Fig. 6.2) is occupied by flat-lying strata of the Muschelkalk and 

Keuper. Locally, the gently dipping strata are disturbed by complexly folded and 

faulted dolomitic limestone, one exposure of which occurs at La Rinconada (Fig. 

6.3). The nature of the contact between these deformed rocks and the surrounding 

strata is difficult to determine. The deformed rocks cannot be correlated with any of 

the surrounding strata, but are thinly bedded, dolomitic limestones formed mainly of 

micrite and occasionally exhibiting a fenestral fabric. These can be correlated with 

rocks of the Tramacastilla-Canete Dolomite Formation (Middle Muschelkalk) near
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Figure 6.3 Field sketch of the structure developed in rocks of the 
Tramacastilla Dolomite Formation at La Rinconada (G.R.76356270) 
looking northeast. The surrounding strata are flat lying. The diameter of 
the structure is ca. 300m.

Figure 6.4 Model for the evolution of the complex La Rinconada 
structure. l.The strata are duplicated by thrusting. 2.The imbricates are 
tilted and folded with an axis perpendicular to the strike of the previous 
thrusts. 3 Erosion exposes the inner folded core.
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the Sierra de Valdemeca fault and are therefore older than the adjacent siltstones 

and marls (Upper Muschelkalk-Keuper) and must have punctured through from 

beneath. The lack of folds and thrusts in the surrounding strata suggests that the 

deformation of the dolomite was in response to local stresses and the variable strike 

of internal faults and folds is more indicative of diapiric flow. A possible 

mechanism for the formation of the structure is shown in figure 6.4 which is 

similar to the easy-slip thrust mechanism proposed by Gayer and Frodsham (1989) 

who relate similar complex structures in the South Wales Coalfield to high 

competence contrasts between sandstone horizons and coal.

Immediately beneath the base of the Rhaetic dolomites just east of 

Valdemeca (Figs. 6.1 & 6.2), the red Keuper marls contain layers of redeposited 

gypsum. These possess westwardly inclined fibres indicating westward shear of 

cover (Ch. 5) opposite to the vergence direction of structures in the Montes 

Universales, 1km to the northeast, where Jurassic and Cretaceous strata dip steeply 

towards the northeast and in some places are vertical to overturned (Fig. 6.1 &

6.2).

6.2. T H E  S IE R R A  C A R B O N E R A  (Encl. E4, sections k-q)
Around the southern margins of the Sierra Carbonera (north of the area,

Encl. E l, E2, E3) only the Albarracin dolomite formation of LoweT Muschelkalk 

age separates the Buntsandstein sandstones and conglomerates from the Rhaetic 

dolomites. The remaining formations of the Muschelkalk and Keuper are 

unrepresented (see Encl. E4, sections n-q and Fig. 5.1). The presence of a thick 

(100m) sequence of rocks of the Albarracin dolomite formation at Cerro de Morrita 

(G.R80206246), (Aznar, 1981) suggests that the remaining Muschelkalk and Keuper 

formations were once thickly developed but have been tectonically removed. On the 

western margin of the Sierra, some of the Liassic formations are also absent and 

the contact between the Triassic formations and the Jurassic cuts across Jurassic 

formation boundaries (Riba, 1959; IGME, 1981). This implies either that the contact 

is diapiric or that the Liassic material has been tectonically eroded. Low angle, 

westward dipping normal faults are sub-parallel to this margin, but do not continue 

into the Buntsandstein (Enclosure E2,E3, Enclosure E4, sections n-q) and must 

become bedding parallel at the base of the Jurassic. These relationships imply that 

the Muschelkalk and Keuper strata have been tectonically removed from both sides 

of the Sierra and thick sequences of these strata should be expected elsewhere.

Two zones of Muschelkalk and Keuper crop out sub-parallel to the Sierra 

Carbonera (Fig. 5.1). On the eastern side of the sierra, from Villel, (G.R.81206290)
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to El Campo (G.R.81106233), a large elongate outcrop (3km x 20km, with 

minimum thickness 1500m) exposes multicoloured marls with thick horizons of 

layered gypsum, all of which are complexly deformed (Plate 6.2c). Folds in gypsum 

consistently verge eastwards away from the Sierra Carbonera. West of Villel two 

horizons of dolomite and dolomitic limestone dip 70°E and are overturned (Plate 

6.2a & b, Encl. E4, sections n-q). The horizons are continuous for some 5 -10km 

and in places (i.e. G.R.80986263) are thrust over each other. The bulk sense of 

shear is towards the east. A mixture of faulted and unconformable contacts with 

alluvial material (Moissenet, 1983) show the emplacement to be Neogene. The 

second outcrop, 20km west of the Sierra Carbonera, is at Royuela (G.R.78336445), 

(Plate 5.2d). Contorted gypsum layers indicate shear towards the west with 

associated imbrication and folding of dolomite horizons similar to those seen 

dipping steeply at Villel. These belong to the Tramacastilla Dolomite Formation of 

Middle to Upper Triassic age.

5.3 IN T E R P R E T A T IO N  O F  T H E  T E C T O N IC S  O F  C O V E R  D E C O L L E M E N T
Disharmonic folding, accommodated by decollement in the Middle and 

Upper Triassic horizons, was first recognised by Richter (1931) and Richter and 

Teichmiiller (1933). Two levels of decollement were recognised in the Ladinian and 

Camian which possessed distinct marl/gypsum assemblages (Riba, 1959; Bouluard 

and Viallard, 1971; Melendez, 1971; Viallard 1973, 1983b). The early work of 

Richter and Teichmiiller (1933) interpreted the structures within these strata as 

decollement around single fold structures (i.e. Fig. 2.5), but Viallard (1973) 

recognised displacements of the cover relative to its substratum, which were not 

restricted to single folds. In addition, boudinage of decollement strata within 

anticlinal hinge zones is not generally observed during simple disharmonic folding 

(Viallard, 1983). In the central sub-Alpine chains, the Dome de Barrot is a box fold 

of Mesozoic strata with boudinage of Triassic in its core, but Goguel (1965) has 

shown that the boudinage took place by decollement of the cover before the 

development of the box fold.

The shear directions of cover relative to basement are summarised in Figure 

6.5, based on the data contained in Table 5.1. In common with the bulk of this 

thesis it is convenient to separate this into decollement north of the Montes 

Universales and decollement to the south.

5.3.1 Decollement south o f the Montes Universales
In order to evaluate the tectonics of decollement around the Sierra de
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Valdemeca and its relationship to basement structure, five main problems must be 

addressed: Firstly, the southwesterly directed sense of shear within the Muschelkalk 

and the Keuper (Fig. 6.1) is the reverse of that observed from the southern Montes 

Universales thrusts and folds. It also predates the uplift and faulting of the Sierra 

Valdemeca, whose pre-rift geometry is poorly constrained (Ch.2, part C). The 

deformation within the Muschelkalk and Keuper is restricted largely to the 

Tramacastilla-Canete dolomite formation which has suffered both contraction 

(imbrication & folding) and extension (boudinage) during the same episode.

From the analysis of the Buntsandstein stratigraphy (Chapter 2) the Sierra 

Valdemeca formed part of a major depocentre (the Cuenca basement trough of 

Viallard, 1983b). It is hard to envisage uplift of this depocentre by any means other 

than reactivation of pre-existing extensional structures in basement. The hypothetical 

reactivated fault cannot be the Sierra Valdemeca fault (2, Fig. 6.1) since its 

movement postdates the southwest directed shear in the Muschelkalk and Keuper.

Locally high dips in cover strata 1km to the east of Valdemeca occur in the 

footwall to a NW-SE fault (3, Fig. 6.1, Fig. 6.2), which can be traced as far as 

Tejadillos (G.R. 77506177). The high dips could be produced by diapirism in the 

underlying Triassic but, in areas where diapirism is directly proven (i.e. the 

Valdemoro-Sierra diapir G.R.76356130, Encl. E4), piercement occurred before cover 

strata attained high dips. In the vicinity of the Tejadillos fault (Fig. 6.2), a local 

development of bioclastic limestone in the Liassic (the Barrahona bioclastic 

limestone formation) with ferruginous crusts, partial dolomitisation and wave ripples, 

indicates a shallow high energy zone. The Aras de Alpuente limestone formation of 

Albian age is restricted to areas south of the Tejadillos fault. In the vicinity of the 

fault it shows characteristics of deposition in a shallow high energy environment 

similar to the Barrahona formation which may have formed in shallow waters on 

the footwall to an underlying basement normal fault downthrowing to the southwest 

during the Mesozoic (Ch.2). Reactivation of this fault in a reverse sense would 

produce a monoclinal flexure and lead to high dips within the footwall. Viallard 

(1983b) considers that similar fault structures are partly responsible for the uplift of 

other basement zones in the southeastern Serrania de Cuenca (Sierra de Henar6jos, 

Sierra Espedan).

Shear directions north of the Sierra de Boniches (Fig. 6.5) are spread 

between bearings of 300 and 058* and this variation within a small area may reflect 

reorientation during diapiric flow. However, the direction is always approximately 

towards the north, which is in disagreement with the dominant southwesterly shear 

described by Viallard (1973, 1983) from areas to the south of the S.Boniches and
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Henar6jos. The opposite directions of shear on either side of an uplifted area of 

basement are comparable to those observed in the Sierra Carbonera (see below) and 

may relate to diapiric flow of the Muschelkalk and Keuper.

6.3.2 Decollement north  o f the Montes Universales

Sierra Carbonera

The structures in limited exposures of Middle and Upper Triassic rocks 

around the S.Carbonera suggest that shear within the strata of the decollement is 

directed generally away from the basement uplift (Fig 6.5). The presence of low 

angle extensional faults and tectonic erosion at the margins of the sierra (Sections 

n-q, Encl. E4) suggests that the structures within the Middle and Upper Triassic 

rocks formed as a result of diapiric flow away from the earlier depocentre as a 

result of the gravitational instability produced when the thick basinal sequence 

became uplifted during inversion of the Sierra Carbonera Fault (see summary Fig. 

6.8a). This is supported by the presence of thick exposures of Muschelkalk and 

Keuper parallel to the basement uplift. Tectonic contacts between these strata and 

Cretaceous and Palaeogene rocks (Moissenet, 1983) suggest diapiric flow and 

piercement took place during the Late Palaeogene to Early Neogene.

The Sierras Nevera and Tremedal

Deformation within the decollement to the south of the Sierras Tremedal and 

Nevera (Fig. 6.5) is restricted to the regions where the Muschelkalk and Keuper are 

thickest and contain gypsum (west and southwest of Nogueras, Loc. 8, Fig. 6.5). 

Shear directions between Nogueras and Torres de Albarracin (Loc. 10, Fig. 6.5) 

were consistently southward. Two hypotheses can be forwarded to explain this: 

Firstly, uplift of the Sierra Tremedal could have given rise to gravitational 

instabilities which caused flow of the ductile Muschelkalk and Keuper towards the 

south, as in the Sierra Carbonera or, alternatively, the southward directed shear 

could be the direct result of cover displacement to the southwest as observed from 

the Montes Universales thrusts and folds. The slight variation between the direction 

of shear in the decollement and that suggested by cover structures in the Montes 

Universales would occur if the two tectonic levels were moving independently of 

each other.

Imbrication of the Tramacastilla Dolomite Formation occurs between Loc. 8 

and Loc. 10 (Fig. 6.5) and is directed towards the north (Encl. E6b) opposed to the 

direction of shear indicated by the meso-structures in gypsum (Fig. 6.5). Lateral
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dismemberment of the dolomite also occurs and the similarity between this 

association of structures and those seen around the Sierra Valdemeca may relate to 

a common mechanism.

6.4 C A U S E S  O F  D E C O L L E M E N T
Decollement can occur in response to either gravity or in response to 

horizontal compression. These are not mutually exclusive and one force can 

augment the other.

6.4.1 G ravity
In Maestrazgo, to the southeast of the study area, Canerot & Martin (1977) 

propose that gravitational sliding may explain the apparently contemporaneous 

development of parallel zones of extension (with uplift) and contraction. In the 

study area, uplifted areas of basement occur to the northeast and southwest of the 

Montes Universales (Fig. 6.6a) but are not associated with normal faults which 

strike parallel to the NW-SE cover thrusts and folds (Encl. E2 & E3). Some normal 

faults do occur (e.g. around Villar del Cobo and Moscardon), but these strike NE- 

SW.

Even with high pore fluid pressures within the decollement strata the dip 

required to initiate d6collement sliding of thrust sheets is in excess of 8-10’

(Hubbert & Rubey, 1959). From the Sierra del Tremedal to the trace of the 

Hesperican fault (a distance of 11km), the base of the cover is uplifted by some 

2km producing a palaeoslope dipping ca. 10’SW (Encl. E6a & E6b). A similar dip 

was reported by Graham, (1981) for thrust sheets in the vicinity of the Argentera 

Massif in the Maritime Alps which were considered to be gravity driven. In this 

case, ramps developed where the slope of the basement diminished and ddcollement 

sliding was resisted. Simple gravity sliding off the uplifted Palaeozoic massifs may 

explain the vergence directions of cover structures in the Montes Universales (Encl. 

E4) but it cannot explain the opposite vergence of structures in the Muschelkalk 

dolomites around the margins of the massifs.

Gravity induced diapiric flow of Middle and Upper Triassic strata away from 

the Montes Universales could be stimulated by a dipping upper surface of the 

basement. The experiments of Bucher (1956) and Dennis and Hall (1978) and 

seismic imaging of salt in the Southern North Sea (Jenyon, 1985b) and the North 

Sea Central Graben (Price & Roberts, 1987, Fig. 6.10) have shown that flow in 

mobile horizons tends to be directed up the dip of an inclined surface. In the Sierra 

Valdemeca half graben (Fig. 6.7a), Mesozoic diapirism up the dip of the tilted
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hanging wall block would have been towards the west and southwest, in agreement 

with the observed sense of shear in the decollement (Fig. 6.1). This would also 

agree with the observation that the west and southwestward shear of the 

decollement strata preceded the uplift of the basement sierras. However, such a 

mechanism does not explain why the Muschelkalk and Keuper marls are still well 

stratified around Valdemeca.

6.4.2. D ifferentia l shortening during inversion.
The southwesterly directed shear within the Muschelkalk and Keuper is 

opposed to the displacement direction of the Tejadillos basement fault and this 

suggests some form of buttressing (see Chapter 4.4.1) may have occurred within its 

hanging wall. Following the model of Butler (1986) for the Alps, the opposed 

vergence directions in cover on the horst (Montes Universales) and Muschelkalk 

dolomites within the half grabens may be explained by differential shortening (Fig. 

6.6b). If a previously rifted horizon is shortened, the overlying post-rift layers will 

form contractional structures whilst the rifted layer is still in net extension. Helwig 

(1976) proposed that the Alps formed a re-stacked continental margin in which the 

crust was greatly attenuated prior to thrusting. In this way he was able to explain 

the long standing problem of intense crustal shortening without a greatly increased 

crustal thickness, which is presently always less than 50km beneath Switzerland 
(Mueller, 1982).

Figure 6.7 shows a possible tectonic model for the evolution of the Sierra 

Valdemeca and the structures within the Muschelkalk dolomites. At the end of the 

Cretaceous, the upper surface of the basement was extended to a greater extent than 

the Muschelkalk dolomite which was downthrown in the hanging wall of the 

Tejadillos fault and abutted against the fault scarp (Fig. 6.7a). During the Pyrenean 

phase of deformation in the Eocene-Oligocene, slight reactivation of the Tejadillos 

fault produced a northeastward verging monocline above the scarp (Fig. 6.7b). This 

fault reversal was insufficient to cause the observed "backthrust" shortening of the 

Tramacastilla-Canete dolomite formation which was probably greater than 1km 

although the chaotic nature of the outcrop makes estimation difficult. There is no 

evidence for reverse faulting in the basement during the Pyrenean phase therefore 

accentuation of the tilt block shoulder, by folding and tightening, must have 

occurred to produce the uplift of the Sierra Valdemeca and the extra shortening 

within the dolomite. Buttressing against the Tejadillos Fault scarp caused the 

southwestward displacement and shear within the dolomite (Fig. 6.7b). The 

formation of the Sierra Valdemeca fault and the decollement of the cover to form
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Figure 6.6a Upper crustal section NE-SW through the Iberian Ranges 
between the Tajo and the Ebro basins (after Viallard, 1983). Basement 
structure is largely schematic but shows many structures inherited from 
the Mesozoic rifting.

Figure 6.6b The consequences of pre-existing basin geometries on the 
estimate of orogenic contraction from section balancing (after Butler, 
1986). (a) Illustrates the geometry prior to rifting, (b) the extensional 
basin geometry prior to crustal shortening, and (c) shows the restacked 
geometry. Dashed lines show the position of future faults and the 
propagation sequence is numbered. The restoration of pre-rift sequences 
(and the basement-cover contact) to horizontal underestimates the 
shortening associated with the restacking, a true estimate can be obtained 
from the post rift sediments, (a)-(c) also serve to illustrate the concept of 
differential shortening.
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Figure 6.7 Sequential models for the development of the Sierra de 
Valdemeca. The numbered faults are: 1. the Beamud fault (see text), 2. 
The Sierra de Valdemeca fault and 3. the Tejadillos Fault.
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the Montes Universales (Figs. 6.7c & d) did not occur till the Savican-Estairican 

(Oligocene-Miocene) phase of deformation.

A similar model was used to explain the Alpine compressional structures 

developed within an inherited Mesozoic half graben at Bourg d ’Oisans, in the 

French External Alps (Fig. 6.8c). Tricart and Lemoine (1986) and Grand (1988) 

concluded that the steep dip of the graben bounding faults did not favour their 

reactivation in a reverse sense. Rather, the basement "syncline" has been closed, 

squeezing the Lias sic graben infill into tight upright folds and cleavage fans. More 

competent layers within the Liassic were thrust back into the graben (Fig. 6.8c) due 

to the buttressing effect of the bounding fault scarp. Squeezing and pinching of the 

basement graben caused uplift of its margins above the surrounding younger strata. 

Some small Mesozoic faults within the graben became reoriented and a decrease in 

fault dip assisted their reactivation as reverse faults. Examples of this type of 

structure involving basement are seen along the southern margin of the Sierra 

Tremedal (Fig. 6.8b & Chapter 7).

According to Tricart and Lemoine (1986) the E-W regional contraction in 

the French External Alps resulted in an upward expulsion of the ductile contents of 

the "synclines" as their closing and pinching progressed (Fig. 6.8c). The contraction 

was also associated with the development of a stretching lineation parallel to the 

trend of the graben. The intense folding of the ductile contents was related to their 

heterogeneity (Gratier & Vialon, 1980) but Williams (pers. comm. 1987) has argued 

that the observed shortening of the graben infill is too great for it to have been 

generated purely by pinching of the graben. Some thin skin detachment of the 

Liassic must have occurred.

Within the Sierra Valdemeca graben, the ductile Muschelkalk and Keuper 

marls were relatively homogenous and thrusting and folding was restricted to the 

competent Tramacastilla-Canete dolomite formation. To preserve their internal 

structure the Muschelkalk and Keuper marls must have undergone layer parallel 

deformation. Rather than upward thickening, the shortening of these highly ductile 

and homogenous horizons may have been accompanied by a lateral stretching, with 

associated boudinage in the competent dolomite (Fig. 6.9, Plate 6.2d). In this way 

both the NE-SW shortening and lateral boudinage can be explained by one tectonic 

process.

6.4.3. Discussion and conclusions
Thrusting and folding in the Montes Universales was initiated by stress 

concentration around the scarps of the Tejadillos and Hesperican Faults (Ch. 4).
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Figure 6.8a General scheme for gravitationally induced flow of Middle 
and Upper Triassic rocks around the Sierra Carbonera. See text.

Figure 6.8b General tectonic scheme for decollement around the Sierra del 
Tremedal and the Hesperican Fault. See text.

Figure 6.8c Simplified cross-section through the Bourg d ’Oisans syncline 
in the external French Alps (after Tricart and Lemoine, 1986). See text.
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These stresses could have arisen from regional stresses transmitted from the plate 

margins through the cover and/or from stresses transmitted primarily within the 

basement (giving rise to cover deformation by pinching of basement grabens and 

differential shortening or gravity gliding of the cover off the uplifted basement 

regions, Fig. 6.8b). The transmission of high compressive stresses over 400km is 

unlikely, solely within a cover less than 3km thick, especially as there is little 

intervening deformation (Fig. 6.6a). Compressive stresses must be transmitted in the 

basement and relayed to the cover.

It has been shown that significant inversion of the graben bounding faults in 

both the Serrania de Cuenca (Tejadillos Fault and others) and the Sierra de 

Albarracin (Hesperican Fault) did not occur, so differential shortening purely by 

fault reversal is unlikely to have generated high compressive stresses in cover rocks.

Pinching of the basement grabens by accentuation of extensional roll-over 

folds or tilt block shoulders has been demonstrated. However, the lack of cleavage 

development and folding within the strata that now occupy the grabens, compared 

with the Bourg d ’Oisans syncline (Gratier & Vialon, 1980; Gillchrist et al.y 1986), 

suggests that although pinching of the grabens generated the backthrusts in the 

Muschelkalk dolomite, this was not the main driving force behind the development 

of the Montes Universales structures. The favoured explanation for the opposed 

vergence directions of cover structures on the horst (Montes Universales) and of 

structures in Muschelkalk dolomites in the grabens involves an interplay between 

differential shortening and diapirism. Roberts and Price (1987) draw similar 

conclusions from reinterpretations of seismic sections showing simple inversion 

structures in the North Sea Central Graben (Fig. 6.10).

The close association between contractional deformation in the Montes 

Universales and zones of uplifted basement to its north and south seems to 

substantiate the role of gravity. However, the absence of listric extensional 

structures towards the rear of the thrust sheets and the restriction of all the 

contractional deformation in the area to the Montes Universales remains a problem.
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Figure 6.9 The generation of imbrication and lateral boudinage in the 
Tramacastilla-Canete dolomite formation by layer parallel plane strain with 
lateral stretching.
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Figure 6.10 Schematic section of a half graben within the North Sea 
Central Graben showing the effect of salt on inversion (after Roberts and 
Price, 1987). During inversion on the main basin-bounding fault the post
salt sequence deformed as a carapace above a detachment in salt. This 
detachment effectively acted as a backthrust, linking into the main 
inversion fault as an antithetic structure. The tip strain associated with 
this "backthrusting" was accommodated in the synchronously-developing 
salt walls. Effectively the carapace inverted as a pop-up, bounded by the 
main inversion fault and the salt wall tip fold.
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CHAPTER 7

TERTIARY STRUCTURES IN BASEMENT

7.1 INTRODUCTION

Previous mapping of the Palaeozoic Sierras of Tremedal, Nevera and 

Carbonera was carried out by Lotze (1929), Riba (1959), Triumit (1967) and 

I.G.M.E. (1981,1983 a & b). In this study the published maps of the Sierras 

Tremedal and Nevera were synthesised into a new 1:50,000 scale map (Fig. 7.1) 

which shows the location of areas where new field work was carried out. This 

chapter investigates the mechanisms of basement deformation and, because of 

restricted exposure in the south, the Palaeozoic outcrops of the Sierra de Albarracin 

were used as a case study. New meso-structural data were collected during transects 

across the Sierras Nevera and Tremedal (Fig 7.1) and during detailed mapping of 

critical areas. Because of the subtle nature of the Alpine deformation in the 

S.Tremedal and Nevera these are around their margins (Fig 7.1) where tectonic 

relations between Palaeozoic rocks and their mantle of Triassic sandstones allow the 

discrimination of Alpine structures from Hercynian.

In the second half of this chapter, previous two dimensional models of 

basement deformation are critically reviewed and a new model is proposed which 

considers variations in crustal rheology and elasticity. A strike-slip model of crustal 

deformation is considered and is compared with previous models for the mega- 

tectonic evolution of the range.

The Ordovician and Silurian strata exposed within the basement Sierras are 

typified by metapelites (slates) and metapsammites (greywacke and quartzite 

protoliths). The strata can be dated using trilobites, gastropod internal molds, 

brachiopods, bryozoans and common graptolites, especially within the black slates 

of the Silurian. The major formations are summarised in figure 7.2 which is 

adapted from the general strati graphic column of Riba (1971) and includes 

palaeontological data from Lotze (1929), Sacher (1966), Trumit (1967) & I.G.M.E 

(1981b,1983e & f). The maximum thickness of Palaeozoic material seen is 960m 

(I.G.M.E., 1981b). The area forms part of the West Asturian-Leonese zone of low 

grade metamorphism (Greenschist maximum, most probably Prehnite-Pumpellite 

grade, Julivert et al., 1980).

N.B. The Hercynian basement structures in Enclosure E4 are schematic but 

are modifications of the sections of Riba (1959).
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Figure 7.1. Geological map of the Sierra Nevera and Tremedal (based on 
Riba (1959), Triumit (1967) and I.G.M.E. (1981, 1983a & b) + new 
structural data from Locs. 1-29).
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PERIOD EPOCH UTHOLOGIES 
(Formations). Local 
names not given

THICKNESS 
(generalised & 
approximate)

FOSSILS 
(Families and 
Genera)

DEVONIAN Downton Ferruginous 
sandstones, slates and 
a few quartzite layers

50m Brachiopods
Orthoceras

SILURIAN Upper Silurian 
(Pridoli)

Greywackes and 
slates

110m

Valentiniense*
(Ludlow??)

Slates; with 
graptolites and thin 
layers of quartzite; 
local ironstone 
concretions with 
Orthoceras

150m Graptolite fauna 
of Elies zones ** 
19-25

Valentiniense Quartzites with 20-150m Climacograptus
(Wenlock??) layers of slates at the Monograptus

base
Black slates 
alternating with 
sandstones

55-100m

Llandovery?? Clay and dolomitic 
limestones

5-8m Bryozoans and 
Brachiopods

ORDOVICIAN A shgill Marls 2m Bryozoans
Black slates 70m

Caradoc Slates and sandstones 70m
Slates and 
greywackes with 
small layers of 
quartzite

240m

Quartzites with 
cross-bedding and 
ripple marks

60m

Llandeilo*** Slates and 
greywackes; slates 
with some calcareous 
nodules

160-170m Trilobites and 
Brachiopods

Llanvim**** Slates with 
Graptolites

15m Didvmograptus

Locally
Skiddaviense

Cuarcita armoricana. 
Massive quartzites; 
locally ferruginous; 
near the base are 
local siliceous 
conglomerates

more than 250m 
(base not seen)

Scolithus
Cruziana

* Valentiniense is a local name only
”  Elies zones (19-25) consist of Monograptus sedgewicki (Portlock), M.Spiralis (Geinitz), M.Intermedius (Carruthers), 
M.Insectiformis (Nicholson), M.Proteus (Barr.), M.Turriculatus (Barr.), M.lobiferous (m'Coy), M.dextrorsum 
Linnearson, M.urceolus Richter, M.crispus Lapworth, M.involutus (Lapw.) M.tenuis Portlock, M.nudus (Lapw.), 
M.distans Portl., Orthographis insectiformis (Nich.). Petalograptus palmenus (Barr), Glvptograptus tamariscus 
(Nich.), Retiolites geinitzianus (Barr.), R.obesus Lapw., Conularia sp., Rhvnchonella ampelitidis (?) de Tron. and Lab., 
and Orthoceras sp.

***The Llandeillo fauna reported by Riba (1959) from Checa and the Sierra Carbonera consists of Calvmene tristiani 
Brongn., Dalmanites sodalis Barr., Asaphus danus Vem. and Barr., Echinosphaerites murchisoni Vern and Barr., 
Placoparia toumeminei Rou. sp.,Sowerbyella sp., Bellerophon (?) and Crinoides.

**** Llanvim fauna consists of Didymograptus bifidus Hall, D.stabilis Elies and Wood, and D.murchisoni Beck.

Figure 7.2. Summary of the Palaeozoic stratigraphy exposed in the 
S.Albarracin.
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7.2 THE SIERRAS OF NEVERA AND TREMEDAL

7.2.1 General Structure

The Sierras of Nevera and Tremedal are complex periclinal anticlinoria of 

Tertiary age which are symmetric to slightly asymmetric (verging NE). At the 

margins of the sierras, dips in Triassic strata vary, from horizontal at Orea (Fig.

7.1) to 50° at Orihuela del Tremedal (the northern margin of S.Tremedal) and 

Nogueras (the southern margin of the S.Tremedal). The Palaeozoic rocks in the 

cores of the periclines are folded into symmetrical, cylindrical, tight to isoclinal 

folds (with limb dips of 30° to vertical) about S170-175E striking subvertical axial 

planes (locally S150E) which plunge ca. 10° to the north. Occasionally folds show 

moderate vergence; towards the west in the centre of the sierras and locally 

eastwards near the margins where they may have been reoriented by movement on 

Late Hercynian fractures (Parga, 1969; I.G.M.E., 1983). These FI folds are of types 

1C (Ramsay, 1967) in the competent metapsammites and type 3 in the incompetent 

metapelites. Some folds exhibit box geometries which partly results from the high 

proportion of ductile rocks in their cores.

Two types of fracture are visible on the map scale (Fig. 7.1) and these 

postdate the FI folds. Subvertical fractures, parallel to the trend of the FI axial 

planar traces are only seen within the S.Tremedal and are normal faults with 

downthrows of 20-30m and are interpreted by the author (Maxwell, 1988) as post- 

tectonic collapse structures.

Faults oblique to the FI axial planar traces are clearly seen in the S. Nevera, 

where two orientations can be distinguished; faults striking N050E generally offset 

the fold axial planar traces sinistrally (2-3km max.), but some show small dextral 

offsets (e.g. G.R.766665; aa, Fig. 7.1) which may correlate with early dextral 

offsets on the parallel Plasencia-Messejana Fault (Fig. 2.9) during the Hercynian 

(Ubanell, 1976). The second set strike N330-340W, are subvertical and possess 

dominantly normal displacements in the study area although in the Iberian Meseta 

(western Spain) they are dextral strike-slip faults (Arthaud & Matte, 1975; Capote, 

1983). An earlier sinistral slip on these faults was reported by Domingos et al. 

(1983) and was conjugate to the early slip on the 050*-striking fractures. Figure 7.1 

shows no regular cross-cutting relationship for the later movements on these faults 

and they are interpreted as evolving simultaneously. Prominent E-W faults are seen 

at the southwest of the S.Tremedal (section 7.2.4).

Mesozoic-Tertiary reactivation of the fractures is variable. Only the N330- 

340E and E-W striking faults show appreciable offsets of Triassic material around
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the margins o f the sierras.

7.2.2 The Noqueras-Bronchales ( and Orihuela del Trem edal) transect across 
the S.Tremedal

The line of the transect is shown on Fig. 7.1 (A-A’) in addition to the 

localities of structural data collection.

On the southern margin of the sierra at Loc 1 (Figs. 7.1 & 7.3, Plate 7.1), 

50m west of the town of Nogueras, Triassic Buntsandstein facies conglomerates and 

medium grained sandstones rest with angular unconformity on basement 

metapsammites and dip 50°S (Fig. 7.4a). The unconformity dips 80°S. Within the 

Triassic rocks small faults dip 60° to 80#N, with downthrows of 0.5-lm S and show 

dip-slip grooves indicating a reverse sense, (see Plate 2.2c). Displacement decreases 

downwards on the faults which are contained wholly within Triassic rocks and do 

not pass into the basement. Sandstone horizons in the downthrown blocks are 

thickened relative to the same horizon in the upthrown blocks, indicating that these 

were growth faults during the Permo-Triassic extension and sedimentation.

Removing the effects of bedding dip shows that the faults were originally normal, 

but have been overturned during the Tertiary uplift of the sierras. The original dip 

of the unconformity was therefore 30°S.

Much of the Triassic strata at this location are cut out by a steep, E-W 

striking fault which dips south and juxtaposes Keuper marls against the 

Buntsandstein. The strike of the fault is parallel to that of the syn-sedimentary 

minor faults and a fault in basement (G.R.77866532), which has prominent dip-slip 

slickensides: this suggests that it may also have been a growth fault during the 

Triassic and extended into basement rocks, accommodating crestal collapse of the 

Tremedal High. Palaeozoic material crops out adjacent to the Bronchales road (Loc. 

2, G.R.77786528), but east of a prominent N-S valley is replaced by Keuper strata 

which strike E-W and dip 30°S, suggesting a fault along the valley. The observed 

offset could be produced by a N-S striking normal fault downthrowing to the east, 

or sinistral strike-slip displacement of ca. 100m on a steep fault. Although the fault 

is not exposed, its outcrop shows little deflection across topographic contours 

suggesting a steep, strike-slip fault.

The Palaeozoic metapsammite/metapelite alternations dip 36°NE and contain 

sinistral en-echelon tension gashes in the psammitic layers and two slaty cleavages 

(subvertical and bedding parallel) in the pelites (Fig. 7.4b). The tension gashes 

indicate that flexural slip was the dominant mechanism of folding of the competent 

layers (Fig. 7.4d) and that the antiformal fold axis was to the south. The subvertical
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P la te  7.1 V ie w  k x )k in g  w es t  to w a rd s  N o g u e ra s  (see  text) .

P a la e o z o ic  B a s e m e n t  
(Q u a r tz i te s  &  m e ta - g r e y w a c k e s )

K e u p e r \  /  B u n ts a n d s te in
_ \  ~

100m

F ault

F ig u re  7 .3 .  L in e  d r a w in g  o f  P la te  7.1 (see  tex t fo r  d e ta i ls ) .  Inse t,  c o p y  o f  
P la te  2 .2 c  s h o w in g  s y n - s e d im e n ta ry  n o rm a l  fau lts  o v e r tu rn e d  to  the  so u th  
by  T e r t i a r y  til t ing .

175



Palaeozoic/basement 
bedding relationship

2 cleavages in 
shales Mineralised

fault

Remove
Tertiary
dip

\  En-echelon tension
i . -i gashes
0 0.5m

A. Flexural slip B. Pure shear (axial planar cleavage)

Figure 7.4. Structural relationships at Loc. 2: a. Palaeozoic/Mesozoic 
unconformity and the tilt in Triassic strata (speckled), b. structural 
relationships (see text) c. attitudes of structures after removal of Tertiary 
tilt d. mechanical evolution of the structures.
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P la te  7 .2  S I  a n d  S 2  c le a v a g e s  in p e l i te s  (cen tra l  S ie r ra  N e v e ra ) ,  see  text.

P la te  7 .3  W e s tw a r d - v e r g e n t  a s y m m e t r ic  fo ld  a t  lo c a t io n  2 4  (span  o f  p h o to g r a p h  =  
2 0 0 m ) .  T h e s e  m a y  be  p a ra s i t ic  to  the F I  m a jo r  fo lds .
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slaty cleavage resulted from the flexural slip and formed perpendicular to the axis 

of maximum shortening in the sinistral strain ellipse rather than as an axial planar 

cleavage to the FI folds. Several brittle faults, which cut the Palaeozoic and offset 

en-echelon tension gashes, must post-date the folding. Some of the fractures are 

mineralised suggesting that they are Hercynian and not Alpine since mineralisation 

of fractures is absent in the Mesozoic strata. The faults strike NW-SE, dip 60-80° 

SW and drag folds in adjacent strata indicate reverse movements. Removing the 

effects of Tertiary tilting, decreases the dip of these faults, but indicates that 

bedding and the parallel cleavage was vertical (Fig. 7.4c). This may represent an 

axial planar cleavage which is dominantly vertical in the sierras (Riba, 1959, Fig. 

7.4d), but its parallelism with bedding suggests that it may have formed during 

burial.

A third cleavage was recognised at Locs. 3 & 11-16 (G.Rs. 77976520, 

77876538, 77866550, 77856565, 77656533, 77546533, 77126607), (Locs. 4-10 are 

discussed in section 7.2.5) which postdates the two slaty cleavages and takes the 

form of spaced (10cm av.) brittle fractures dipping 30-60°SW in both incompetent 

and competent layers (Plate 7.2). Offsets are not apparent at outcrops. Cleavage of 

this type is not seen in Triassic fine grained sediments or in Permian tuffs at 

Orihuela del Tremedal so it must related to Hercynian tectonic events.

At Loc. 17 (G.R.77136628) on the road section 1km west of the Orihuela, 

Liassic pelagic limestones of the Imon tabular dolomite formation are juxtaposed 

against Palaeozoic graptolitic shales, with no evidence of Triassic strata (Fig. 7.5). 

The contact is not exposed, but it has been interpreted as a steep reverse fault by 

Riba (1959,1972), Saenz (1976), I.G.M.E. (1981b), Viallard (1983b,1989) and 

others. There is little evidence of the deformation which would be expected in the 

hanging wall of such a fault (Fig. 7.5). Folds in the Liassic strata are symmetrical, 

there is no thrust related cleavage in the shales, and folds in the shales do not 

parallel the contact or verge northwards. Steep NNE-SSW faults occur have dextral 

strike-slip displacements and are Hercynian since they do not continue into the 

Liassic strata.

About 1.5km east of Bronchales Muschelkalk marls dip 10°NNE at a 

distance of only 100m from exposures of Palaeozoic quartzites and psammites with 

local pockets of Permian tuffs and volcanic breccias (Fig. 7.6). The contact is not 

exposed and the Muschelkalk strata are undeformed. Riba (1959) interpreted this as 

a subvertical normal fault at the contact, but this was not confirmed by the present 

study.
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Figure 7.5. Sketch map of the structural associations at the northern 
margin of the S.Tremedal west of Orihuela del Tremedal (Loc. 17). Note 
the lack of Triassic strata and deformation related to northeastward 
thrusting.

Figure 7.6. Sketch of the view looking towards the east (1km east of 
Bronchales). Note the lack of Buntsandstein strata and the seemingly 
sedimentary contact.
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7.2.3 The Orea-AIcoroches transect and the structures of the Sierra Nevera
The section runs E-W (along the road) from Orea to the northern margin of 

the sierra, 4km west of Alcoroches (Fig. 7.1, B-B’). At Locs. 20-23,25 (G.Rs 

76426650, 76376656, 76346666, 76266667), cleavage and brittle mesofractures were 

recorded and are interpreted in section 7.2.5. In addition to the dominant strike-slip 

fractures, small thrusts strike NNE-SSW with displacements to the west. Minor 

NW-SE folds were seen on the scale of the outcrop at Loc. 23 and these verge 

towards the southwest.

At Loc. 24 (G.R. 76146673), a prominent N-S fault forms a narrow gulley 

on the south side of the valley (parallel to the road). Fabrics in gouge and en- 

echelon tension gashes in small subparallel faults and semi-brittle shear zones 

indicate that the fault is normal with some sinistral oblique movement. Immediately 

to the west, W to NW verging, close folds have wavelengths of 100-200m (Plate 

7.3). A 10m wavelength example at Loc. 27 (Plate 7.4 and Fig. 7.7) exhibits 

similar minor structures to those at Loc. 2, suggesting that flexural slip was an 

important folding mechanism.

At Loc. 28 (G.R. 76256699, west of Alcoroches), the contact of Triassic and 

Palaeozoic trends E080W and is offset along the strike by N-S faults which are not 

exposed here but are parallel to the fault observed at Loc. 24: they are therefore 

probably Mesozoic-Tertiary normal faults. Only a partial Triassic section was seen 

and faults in basement, close to the contact, imply that this may be due to normal 

faulting.

At Loc. 29 (G.R. 76076700), close to the contact between Palaeozoic 

quartzites and Triassic conglomerates, an ENE-WSW minor fault showed two 

phases of displacement (Plate 7.5 and Fig. 7.8). The latest movement is on a brittle 

fracture with small sinistral pull-aparts similar to the bridge structures described by 

Gamond (1987) from Languedoc gneisses: this cuts an earlier set of en-echelon 

tension gashes which indicate dextral semi-brittle shear correlatable with an early 

dextral displacement on the 700km long, NE-SW, Plasencia-Messejana fault which 

extends the length of the Iberian Peninsula (Ubanell, 1976); (see section 7.2.1 and 

Fig. 2.9).

A kilometre to the west of Loc. 29 (G.R.75976695), sandstones dip 5-10°N 

and overstep a 30-40°N palaeoslope of basement rocks so that the conglomeratic 

formations of the Buntsandstein are unrepresented. There is no evidence for a 

faulted contact.
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Figure 7.7. Line drawing of Plate 7.4. The fold shows features associated 
with flexural slip on the limbs and buckle at the hinges, a. Small thrust 
ramping through the competent metapsammitic layers and becoming 
bedding parallel in the pelites. b. En-echelon tension gashes in 
metapsammites. c. Slaty cleavage in metapelites inclined to bedding (a,b,c 
indicate shear parallel to bedding directed towards the left (west)), d. 
Extension veins in metapsammitic layers in the fold hinge; structures 
indicative of bedding parallel shear are not represented in the hinge zone 
revealing a change from flexural slip to buckle, e. Bedding parallel slaty 
cleavage cannot be axial planar as it is folded along with bedding. The 
cleavage must relate to burial.



P la te  7 .4  M e s o f o ld  at lo c a t io n  24 , S ie r ra  N e v e r a  t ra n se c t  (see  text a n d  l in e  d ra w in g ) .
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P la te  7 .5  M u l t ip le  d i s p la c e m e n ts  o n  a m in o r  fau l t  a t  A lc o ro c h e s  (see  tex t an d  line 
d ra w in g ) .

F ig u re  7 .8 .  S k e tc h  o f  the  s e q u e n t ia l  d e v e lo p m e n t  o f  a  N 0 5 0 E  m in o r  
s t r ik e - s l ip  fau l t  w e s t  o f  A lc o r o c h e s  (L o c .  29 , se e  tex t  fo r  e x p la n a t io n ) .
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7.2.4 Basement fault interactions: Case study o f the Torres de A lbarracin  
structure (Locs. 4-10)

Just (500m) east of Torres (Fig. 7.9), the Albarracin-Tramacastilla road 

passes through an upfaulted wedge of basement material. The faults that border this 

wedge are well exposed: the first trends E-W to NE-SW and the second N-S. A 

prominent pair of bifurcating E-W faults are well exposed 100-200m to the south of 

Cerro de Arcusa (G.R.784650). The major fault juxtaposes uppermost Buntsandstein 

sandstones (which offlap Palaeozoic basement to the north), against basement to the 

south (Plates 7.6 & 7.7). This fault is straight, subvertical and joins with a splay 

further to the east (Fig. 7.9) where all Triassic rocks have been cut out and 

Palaeozoic rests on Palaeozoic. Rotation of SI cleavage next to the fault plane 

(Plate 7.6) and steeply plunging minor folds show this to be Alpine dextral strike- 

slip movement.

N-S vertical fault zones on the road section at G.R.78346494 have thick 

fault gouges suggesting strike-slip rather than thrust or normal displacement. Three 

such zones were seen (Fig 7.10): The first, at the western end of the exposure (A), 

juxtaposes Buntsandstein facies sandstones against creamy marls which may belong 

to the Muschelkalk or Keuper (Plate 7.8b). There is a 0.5m fine grained gouge and 

the sandstones are cut by an anastomosing pattern of shear fractures. Small, tight 

folds in the marls (Plate 7.8a) verge SE, with axes plunging 10° to 060° and are 

oblique to the strike of the vertical fault zone which strikes 350°. These data 

suggest that this N-S fault is dextral, but faint slickensides on sandstone fractures 

plunge 65° to 100° and suggest oblique movement with a component of reverse 

slip. The second fault zone (B), approximately parallel to fault zone A, juxtaposes 

the sandstones against a thick zone of fine grained gouge which resembles the 

U.Triassic marls (Plate 7.8c). Some 5-10m further east this gouge passes into 

basement pelites across a third shear zone (C) which strikes 310° and dips 75°NE 

(Plate 7.8d). Fabrics within the fine grained gouges are insufficiently well developed 

to allow any shear sense determination to be made. Fault zones B & C are cross

cut by thrust faults (Plate 7.8c) striking 046° and 142° and dipping 25°E and 40°NE 

respectively. Within the basement pelites to the east of fault zone (C) the thrusting 

has produced a new northeasterly dipping cleavage and has refolded the FI 

cleavage to produce strata-bound recumbent folds (Plate 7.8e), indicating high shear 

strains and therefore significant fault displacement. The thrust in Buntsandstein 

sandstones (Plate 7.8c) offsets, and is offset by, the sub-vertical fault zone so it 

must have developed contemporaneously. The orientation of the thrusts is not 

consistent with E-W dextral shear, but may have evolved as accommodation
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structures at the intersection of the N-S and E-W fault zones. Thrusting at fault 

intersections has been reproduced in clay experiments by Reches (1988) and 

observed in other areas such as the Bewcastle Dome at the intersection of the N-S 

Pennine Fault and the E-W Stublick Fault in NW England (I.G.S.,1970).

The structure of the wedge is interpreted as a transpiessional fault zone, 

similar to the San Gabriel fault zone, north of Los Angeles, California (Wilcox et 

aU 1973).

7.2.5 In terpretation o f the deformation history (from  the Palaeozoic to the 
T ertia ry ) o f basement in the S.Trem edal and Nevera.

The formation of N-S and NNW-SSE, FI major folds was coeval with the 

mild Hercynian metamorphism of the Palaeozoic strata and began with flexural slip 

folding, generating tension gashes in competent layers and a slaty cleavage inclined 

to the layering of the incompetent rocks (Fig. 7.4d). Some westward vergent folds 

(Fig. 7.7) may be parasitic to the FI folds, based on similarity of structural style. 

Early semi-brittle shearing along conjugate ENE-WSW dextral and NNW-SSE 

sinistral faults (Fig. 7.8) may also have developed at this time. As deformation 

became more intense, the fold mechanism changed to homogenous strain with 

shortening normal to the axial surface generating an axial planar slaty fabric in the 

pelitic rocks (Fig. 7.11).

NW-SE trending asymmetric folds verge to NE and SW and have low 

plunges. This signifies that they were not refolded by the N-S major folds so must 

represent a later fold phase, F2. These F2 folds are associated with NE-SW striking 

brittle or semi-brittle fracture cleavage which dips dominantly SW (Fig. 7.12) and 

thrust faults with northeastward (and subordinate southwestward) displacements. 

These structures can be correlated with other northeast-facing thrust and fold 

structures reported by Tejero & Capote (1987) from Palaeozoic rocks northeast of 

Catalayud (Central Iberian Zone) and represent a D2 deformation event which 

occurred at higher crustal levels than D l. Post-tectonic relaxation of the 

compressional stresses led to the development of normal faults parallel to the strike 

of the FI fold axial planes.

All these structures were offset by brittle strike-slip faults, along which 

major displacements occurred before the onset of Late Permian to Triassic 

extension. This fracturing, recognisable throughout western and central Europe, 

accompanied the right lateral movement of Laurentia relative to Gondwanaland in 

the late Carboniferous (Arthaud & Matte, 1975,1976). The two early fault directions 

(NE-SW and NNE-SSW) were utilised for sinistral and dextral strike-slip faulting
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Figure 7.11. Lower hemisphere equal area projection of poles to SI slaty 
cleavage from Sierra de Albarracin basement rocks (X = mean strike).
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Poles  to S2 f r a c t u r e  c leavage

Figure 7.12. Similar projection of poles to S2 fracture cleavage.
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and new E-W striking faults developed parallel to megashears at the plate 

boundaries (the Biscay-Pyrenean Fault of Arthaud & Matte, 1977 and the 

Chedabucto-Gibraltar Fault of Ziegler, 1982). These E-W faults are not well 

represented on plots of brittle mesostructures throughout the study area (Fig. 7.13) 

suggesting that they formed as localised zones of deformation and not a pervasive 

system of shears. The restriction of this E-W fault orientation to the extreme 

southeast of the S.Tremedal (Figs. 7.1, 7.9) reinforces this conclusion.

Only E-W and NE-SW faults seem to have had a demonstrable effect on the 

sedimentation during the Permo-Triassic rifting and they are concentrated on the 

northern and southern flanks of the sierras (Fig. 7.1). The N-S or NNE-SSW faults 

may have behaved as lateral transfers but this is unproven.

The sierras underwent a minimum Tertiary uplift of 2-3km and this could 

have resulted from either large scale folding or reverse faulting at their northern 

margins. Alpine folding of the sierras about vertical NE-SW axial planes should 

have produced reorientation of the FI vertical fold axes if buckle folding rather 

than vertical simple shear is assumed to be the dominant folding mechanism at high 

crustal levels (Hobbs et al., 1976). Anticlockwise rotations of fold axes are seen at 

the southern margin of the S.Tremedal (Fig. 7.1), but these should be clockwise 

(Fig. 7.14). The rotations may be Hercynian but cannot have occurred during the 

late Hercynian strike-slip events because movements on major NW-SE faults were 

dextral and would have produced clockwise rotations. It is suggested that the axial 

planar rotations and complex vergences at this southeastern margin of the sierra are 

the result of refolding of the FI folds about parallel, eastwardly dipping F2 axial 

planes to produce a type 3, convergent divergent fold superposition pattern 

(Ramsay, 1967). The small hinge migration (<30°) would result if the F2 fold axial 

planes had low dips.

The presence of reverse faults at the northern margins of the sierras has not 

been proven and the stratigraphic hiati at the Mesozoic/Palaeozoic boundary could 

be due to overstep onto the emergent "Tremedal" high (Perez-Arlucea, 1987; see 

also Ch. 2, Part C). The presence of a tectonic contact need not relate to Alpine 

fault structures, but could relate to small syn-sedimentary growth faults which 

formed during the Mesozoic crestal collapse of the Tremedal high. In the absence 

of sufficient data, large scale folding remains the most probable mechanism for the 

uplift.

Of the three sets of strike-slip faults, only the N-S and E-W fractures show 

appreciable Tertiary offsets and these are both dextral (Fig. 7.1 and 7.9). Basement 

thrust faults and folds of Tertiary age are scarce, but occur where the two active

189



m

□ □

Lower Hemisphere Equal Area Projection 

1A0 Poles to Minor Faults [unmineralised]

Sierra de Albarracin Basement Rocks 

Sinistral str slip H Normal ■

Dextral str slip S
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F1 Axia l  plane
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F3 ( T e r t ia r y )  

Axial  p lane

BUCKLE ablaut F3  A x .p l .

V e r g e n c e -

Figure 7.14. The fold axes in the southwest of the S.Tremedal are 
markedly sigmoidal (anticlockwise) but this cannot have occurred by 
refolding of the FI fold axes during buckle of the sieiras about a NW-SE 
striking subvertical axis as this would have produced a clockwise rotation. 
Alternative explanations are outlined in the text.
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fault lines interfere (Fig. 7.9).

7.3 ALPINE REACTIVATION OF BURIED BASEMENT STRUCTURES

Figure 7.15a shows a simplified synthesis of the major fault lines affecting 

the areas of relatively unfolded cover to the northeast and southwest of the Montes 

Universales zone. To the north of the Sierra Carbonera two NW-SE zones of 

faulting have been mapped by I.G.M.E. (1983b & f) (Fig. 7.15b & c). These take 

the form of a series of ca. 5km faults arranged in an en-echelon manner (see also 

Encl. E4). Following Riedel, (1929); Wilcox et a l , (1973); & Naylor et al., (1986) 

such systems of shears can be interpreted as relating to dextral movement on buried 

basement faults.

The Albarracin fault zone (Fig. 7.15c) is ca. 4km wide and is dominated by 

Riedel shears with minor low angle p shears. The zone is confined at its borders by 

two relatively long fault strands (aa & bb, Fig. 7.15c) and these extend the length 

of the zone and for some 5km beyond, cross cut most other fractures so must be 

later. Fault aa strikes 350° and dips 42°E just west of Albarracin with strong 

reverse drag in the hanging wall and has slickensides on antithetic faults indicating 

normal movement (Plates 7.9 & 7.10). The Riedel and "p" shears tend to be 

steeper. The thickness of the cover at Albarracin does not exceed 1.5km (Fig.

7.15d) and the ratio of width to thickness (W/T) of overburden is therefore 2.66. 

The strike of the earliest Riedel shears, relative to the strike of the fault zone is 

between 10 & 25° and the range of fault dips is between 41 and 90°.

The Pozondon zone (Fig. 7.15b) is slightly narrower (3km average), is also 

dominated by Riedel shears, but has no low angle faults parallel to the margins of 

the zone. The overburden thickness at Pozondon is also slightly less than at 

Albarracin (ca. 1.25km, Encl. E4) so the W/T ratio of 2.4 is similar to that at 

Albarracin. The angle between the Riedel shears and the strike of the Pozondon 

zone varies from 35 to 45°, the higher values being typical of the region south of 

the S.Menera. No additional field data was collected for this zone so the dips are 

not known.

Comparisons with the clay model experiments of Naylor et al. (1986) reveal 

that the characteristics of the Albarracin and Pozondon fault systems are similar to 

those modelled with the maximum horizontal compression direction in the cover 

perpendicular to the strike of the basement fault (Table 7.1, Case 3, transpression). 

However, the effects of highly ductile evaporites and marls within the succession 

have not been modelled. The dependency of cover fault structure, especially width 

of the fault zones, on evaporite thickness was demonstrated using clay models of
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Figure 7.15. Secondary strike slip structures in cover derived from dextral 
movements on basement NW-SE faults. Top: Pozondon zone, bottom: 
Albarracin zone + section X-X'. Redrawn from I.G.M.E. (1983c & f). R, 
synthetic Riedel shears, R', antithetic Riedel shears, p, low angle "p" 
shears. See text for description and Fig. 7.20b for relationship to the 
strain ellipse.
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o  S tr ik e  slip a  d e x  c  sin.

M  Oblique slip  X  dex. Klsm.

A  Normal 

R everse

n = 110Albarracin
©

Figure 7.16. Lower hemisphere equal area projection of poles to minor 
faults collected from the road section immediately west of Albarracin. s 
sinistral, d dextral, dotted rings are faults with multiple slickensides. See 
text for explanation.

Case A  

No pre-stress

Case B Case C

Ĥmax °Hmax
parallel perpendicular 

to basement fault

Strikeoffirst R ie d e ls ( l ) Mean 17 05 37
95% are < 30 14 50

D ipat surface (degrees) Mean 86 83 75
95% are > 75 70 45
Range 64-90 61-90 41-90

Dip at basem ent (degrees) Mean 77 83 63
95% are > 65 70 35
Range 50-90 64-90 20-90

Displacement (2) 37° R iedel — — 0.3*
17° Riedel 0.15* — 0.4
0° Riedel 0.25 0.1* 0.8
C om plete zone 0.35 0.2 0.8

Surface width o f fault zone (2) 1.0 0.4 2.1
Length of first R iedels (2) 1.6 1.6 

4.1 +
3.6

(1) Strike in degrees, m easured with respect to basement-fault direction. These are apparent dips 
(in degrees) seen in vertical sections perpendicular to the basement fault. Corrections to true dip are 
generally minimal (see text).

(2) M easured as fraction o f overburden thickness.
*. indicates first fault to form ; — , indicates this fault type not formed and + .  for slightly en echelon  

and a single sinuous or straight fault.

Table 7.1. Summary of the results of Naylor et al. (1986) for sandbox 
models of secondary strike-slip structures formed above a displaced basal 
fault under different pre-stress conditions.
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cover above dip-slip and oblique-slip basement faults (Richard, 1989; Vendeville, 

1989).

Measurements were made of 110 minor faults in Rhaetic dolomites and 

L.Pliensbachian limestones along the Albarracin road section at G.R.79026476 of 

which 35 showed good striae. Two main sets of poles can be distinguished (Fig. 

7.16): a spread of poles relating to faults striking N295-355W and a tighter cluster 

of poles to faults striking N060-080E. The first group approximately parallels the 

trend of the zone and the spread reflects the variations in strike of the Riedel and p 

shears. The second group at right angles to the zone margins is interpreted as either 

kinematically necessary domain bounding faults which allow block rotation 

(Garfunkel & Ron, 1985; Woodcock, 1987) or antithetic Riedel shears (R'). The 

directions and senses of movement on these structures are complex: the large scale 

geometry reflects dextral movements on the NW-SE basement fault implying that 

the NW-SE minor faults (Fig. 7.16) should be dextral and the NE-SW faults, 

sinistral, however, NW-SE & NE-SW meso-faults show normal, oblique and strike- 

slip striae and in both cases sinistral senses were observed in addition to dextral. 

Some structures show multiple phases of striae development, suggesting that there 

has been repeated rejuvenation of the faults and a reversal of displacement, though 

the dominantly dextral geometry of the zone indicates that sinistral movement of 

the basement fault was small. Other reversals of displacement during the Alpine 

orogeny have been proposed by Simon-Gomez (1982) based on the analysis of 

multiphase populations of faults in Maestrazgo. From his analysis the change from 

dextral movement to sinistral on NW-SE faults, during the Tertiary, formed part of 

a gradual change in stress regime that culminated in the Miocene extension.

7.4 THE SIERRA CARBONERA: inversion of a Mesozoic half graben

7.4.1 Hercynian structures

The elongate N-S exposure of Palaeozoic strata that forms the S.Carbonera 

contrasts with the NW-SE trending axes of the S.Tremedal and Nevera anticlinoria. 

The sierra is dominated by a Hercynian thrust fault which strikes parallel to the 

outcrop and is not seen to cut Permo-Triassic rocks (Encl. E4). The thrust is steep, 

dipping 60-80°W and formed during the D2 deformation (Riba 1959). The high dip 

suggests that, in common with those in the other sierras, this structure has 

undergone some rotation/steepening, possibly during the late Hercynian strike-slip 

events.

The thrust plane is offset along its length by a series of NE-SW, E-W and
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NW-SE small transfer faults. Cleavage strikes consistently to 020 and dips 50 to 

70°W.

7.4.2 Alpine structures
The S.Carbonera has been uplifted by some 3-4km, since the end of the 

Cretaceous, by movement on a steep reverse fault that forms its eastern margin and 

is well exposed along the road at G.R. 798645 (Fig. 7.17). Vertical beds of 

Muschelkalk strata, adjacent to the fault zone, show strong normal drag which dies 

out rapidly into the footwall. Striations on fractures in Palaeozoic metapsammites of 

the hanging wall are oblique to the strike of the reverse fault and indicate a 

component of dextral movement (inset, Fig. 7.17).

A number of short, steeply dipping faults cut the marginal reverse fault at 

high angles and offset Permo-Triassic rocks (Encl. E2 & E3). Most of these strike 

NE-SW and show a variety of dextral and sinistral offsets which are not conjugate 

but are interpreted as lateral transfer structures (sensu Butler, 1982).

One E-W dextral fault is also seen, but offsets all other structures and must 

be later. It is approximately parallel to the Gea de Albarracin-San Bias lineament 

(I.G.M.E., 1983f) which passes 5km to the north and links into the E-W faults that 

form the northern margin of the Torres de Albarracin basement wedge (Fig. 7.20a).

7.4.3 Interpretation of the Sierra Carbonera structure

The parallelism between the upfaulted basement outcrop and the Hercynian 

thrust within it suggests that the thrust, reactivated as a steep extensional fault 

during the Permo-Triassic rifting, was reactivated in a reverse sense during the 

Tertiary compression resulting in the inversion of the half graben. The upper parts 

of the thrust plane were too steep for reactivation (see ch. 1) and a new reverse 

fault broke through the footwall to form the eastern margin of the Sierra (Fig 7.18). 

Knipe (1985) considered such "footwall shortcuts" theoretically and concluded that 

their formation enables thrust faults to propagate over steep ramps by increasing the 

straining distance and reducing the required strain rate during displacement. They 

have been observed in the Pyrenean axial zone (Velasque et al., 1989), the margins 

of the Alpine external crystalline massifs (Gilchrist et al., 1987) and in the 

Pembrokeshire Variscides (Powell, 1987, 1988).

1 9 7



Fi
gu

re
 

7.
17

. 
Sh

or
t 

NN
E-

SS
W

 
se

cti
on

 
m

ea
su

re
d 

ac
ro

ss
 

the
 

co
nt

ac
t 

be
tw

ee
n 

Pa
la

eo
zo

ic
 

and
 

M
es

oz
oi

c 
ro

ck
s 

on 
the

 
roa

d 
to 

Ge
a 

de 
A

lb
ar

ra
ci

n 
(e

as
te

rn
 

m
ar

gi
n 

of 
the

 
Si

err
a 

Ca
rb

on
er

a)
 

G
.R

.7
97

86
44

7.
 

In
se

t, 
jo

in
ts 

an
d 

sli
ck

en
sid

e 
lin

ea
tio

ns
 

fro
m 

un
m

in
er

al
ise

d 
br

itt
le 

fra
ct

ur
es

 
in 

Pa
la

eo
zo

ic
 

m
et

ap
sa

m
m

ite
s 

in
di

ca
te 

th
at 

slip
 

on 
the

 
m

ajo
r 

fa
ul

t 
is 

ob
liq

ue
 

de
xt

ra
l

198



A

Figure 7.18. Theoretical models for the inversion of the Sierra Carbonera 
and formation of the marginal fault as a short-cut through the steep upper 
portion of the graben bounding fault.

199



7.5 MODELS OF BASEMENT DEFORMATION

7.5.1 Criticisms of previous balanced cross sections

Viallard (1988, 1989) assumed perfectly rigid deformation of basement in his 

analysis of NE-SW shortening across the study area, using section balancing. The 

assumption is based on the observation of only mild Alpine folding within the 

uplifted areas of Palaeozoic and Buntsandstein basement in the Serrania de Cuenca.

According to Viallard (1988) the minimum shortening between the Sierra 

Altomira and the northeast margin of the Montes Universales was 20% but may 

have been as great as 25-30% if the thickening of Middle and Upper Triassic 

deposits beneath the Nouveau Castille Tertiary basin to the southwest of the study 

area (3080m in the Villanueva de los Escuderos borehole (Rios, 1962); >2580m in 

the San Lorenzo de la Parilla borehole (Almela & Sanchez-Lozano, 1956) resulted 

from blind thrusting (sensu Butler, 1982). Evidence for blind thrusts is restricted to 

reports that correlations below Liassic strata in the San Lorenzo No.l borehole were 

not clear, possibly due to faulting (Gavala & Taylor, 1956). In addition, seismic 

profiles in the vicinity of the borehole revealed some good reflectors forming an 

anticlinal structure which was complicated by faulting (Gavala & Taylor, op. cit.). 

Previous works within the study area have recognised steep reverse faults bordering 

some of the basement uplifts (Riba, 1959; Viallard, 1973; Alvaro et al. 1979; 

Viallard, 1983). These were at first interpreted as upthrust structures (sensu Wise, 

1963) and bounded downward tapering blocks in which homogenous strain 

increased with depth (as in the fan model of Viallard, 1988). However, Banks & 

Warburton (1987, 1988) postulated the existence of a mid-crustal detachment, 

linking displacements in the Iberian Ranges to the Pyrenean orogenic belt at the 

northern plate margin. This hypothetical "linked" system greatly simplified balancing 

of the Alpine deformations in basement and cover, if it were assumed that the 

major reverse faults decreased in dip downward to link into the detachment level 

(at ca. 15km depth). Attempts to balance the shortening in the cover with 

shortening of the basement, using only the exposed faults, led to a large 

discrepancy and for this reason Viallard (1988, 1989) inferred blind duplexes and 

pop-ups (sensu Butler, 1982) in basement rocks.

Following the arguments of Ramsay (1988) against balanced 

interpretations of a rigid basement in the Alps it can be shown that Viallard (1988) 

makes a number of assumptions which are unfounded.

Firstly, the inference that because significant plastic Tertiary deformation is 

not seen in basement then deformation must be solely discontinuous assumes that,
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plastic deformations (if they occurred) would be distributed evenly throughout the 

area (as homogenous strain). Localised plastic strain is seen in the Alps (Ramsay, 

1988) and is a result of strain localisation around pre-existing basement 

heterogeneities (Tricart & Lemoine, 1986). In the study area, the observation that 

non-fault controlled uplift of the Sierra Valdemeca must have occurred, before the 

thin skinned deformation of cover and the breakthrough of the Sierra Valdemeca 

Fault (see Ch. 6), implies that localised plastic deformations were significant during 

the Tertiary. Moreover, Lotze (1945) recognised that the structure of the 

northeastward-vergent San Martin anticline of the northeast Iberian Ranges, was 

brought about by folding of a syn-sedimentary basement high, after ddcollement of 

the cover.

Secondly, steep reverse faults at the margins of the Sierras Menera and 

Carbonera do occur, but the observed minor structures do not support the existence 

of similar faults at the northern margins of the S.Nevera and Tremedal. Basement 

faulting in the vicinity of these uplifts was demonstrably strike-slip, so the 

assumption that all displacements are in the plane of the NE-SW section of Viallard 

(1988, 1989) is invalid and section balancing is no longer a reliable means of 

constraining the interpretation. Moreover, the assumption that shortening 

discrepancies must imply hidden structures in basement is also doubtful, as 

stratigraphical data shows that the basement was significantly extended during the 

Permo-Triassic and Neo-Kimmerian phases of rifting (Lopez Gomez, 1985; Perez- 

Arlucea, 1987; see also Ch. 2). Significant shortening of the basement would have 

occurred before any of the faults showed net contractional geometries (see Butler, 

1986). Viallard (1983) suggests such a mechanism of differential shortening to 

explain complex contractional geometries in decollement strata, but does not 

consider it in his "balanced" section (Viallard, 1988).

7.5.2 A  new schematic balanced cross section (Fig. 7.19)
In a new NE-SW schematic balanced section through the crust of the Central 

Iberian Zone (between the Toledo-Valencia "South Iberican" Fault and the 

Tarragona-Catalayud "Central Iberican" Fault) the cover shortening of 25-30% 

quoted by Viallard is considered to be an over-estimate. The well constrained "line 

length" shortening of cover in the new section is only 5.0km (4.9%) and should 

equal the calculated shortening in basement if the thick sequences of Middle and 

Upper Triassic strata (approximately area balanced) beneath the Nouveau Castille 

basin are considered to be a result of gravitation ally induced diapirism (Ch. 6, Fig. 

6.8a) rather than the result of blind thrusting. The 1km minimum shortening on the
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Sierra Altomira structure is not considered because displacement of cover here is 

towards the west or west-northwest and not the southwestward displacement 

interpreted to occur south of the Montes Universales. Bouger magnetic anomaly 

maps of Alia et al. (1980) and Hernandez (1982) show a close association between 

steep magnetic gradients and the Sierra Altomira structures, suggesting that the 

cover structures relate to inversion of a basement fault rather than decollement of 

cover over the Nouveau Castille basin.

The stratigraphic and structural conclusions of Chapters 2 to 6 are used to 

constrain the rift structure of the basement prior to the Tertiary deformation and 

britde faulting of purely rigid blocks is not assumed to be the only mechanism. The 

crust is considered to be Theologically layered in accordance with the models of 

Park (1988) and Coward (1983). The crust is 35km thick in this region of the 

ranges (Alia et al., 1980; Zeyen et al., 1985) and deforms by simple shear below 

the seismogenic zone (> ca. 15km depth, Sibson, 1989) and by a mixture of buckle 

and inclined brittle or semi-brittle simple shear above (Fig. 7.19). Buckle is initiated 

at instabilities where the surface separating high viscosity basement and relatively 

low viscosity cover is already curved (i.e. the regions of roll-over into the 

Tejadillos and Hesperican Faults). Buckle in these areas caused the early uplift of 

the S.Valdemeca and S.Tremedal and the overturning of antithetic faults at their 

margins. Most of the buckle occurs close to the graben bounding faults where the 

dip of the basement/cover interface is highest and this explains the observed lack of 

Alpine refolding in the exposed regions of the S.Tremedal. This early uplift and 

erosion of the overlying cover strata would have been accompanied by thickening 

of the lower crust by pure shear and isostatic uplift, which decreased the dip of the 

S.Menera and S.Valdemeca faults, allowing them to reactivate in a reverse sense. 

Alternatively, following the model of Coward (1983), upwardly decreasing ductile 

shortening in the crust would have required a decrease in the dips of upper crustal 

brittle faults. The shortening of the top of the Palaeozoic basement by buckle and 

frictional sliding on pre-existing planes is 5.25km, approximately equal to the 

measured shortening of the cover, so the upper part of the section is balanced 

within the margins of error. There is, however, a discrepancy between the line 

length of the top Palaeozoic basement level before and after deformation( 1.25km 

(C-A, Fig. 7.19)) and this suggests that either the graben-bounding faults reactivated 

in a reverse sense, or extension has occurred on the outer arc of the buckled 

basement. Section 7 of Chapter 4 has shown that significant reactivation of the 

Hesperican Fault was unlikely.

The accentuation of basement irregularities to form fold structures at

202



Crq cr.



203

*

1. R IFTING OF BASEM ENT

A. Line length o f top Palaeozoic basem ent horizon = 95.0km
B. Length o f extended section = 101.5km

extension = 6.5km (6.4%)

SViiUlcmeea

by buckle of the S Valder

v simple shear
simple shear

Hesperican F

moho

moho

a Shortening or cover (folding and faulting) 

b Shortening in basement by faulting (brittle field) 

c Shortening of basement by continuous deformation

2. SH O RTENIN G  OF BASEM ENT

C. Line length o f top Palaeozoic basem ent horizon = 96.25km
D. Length o f shortened section = 96.25km
E. Length o f  extended section = 101.5km

shortening (E-C) = 5.25km (5.2%)

3. SHORTENING OF COVER

F. Line length o f top cover horizon = 101.25km
G. Length o f shortened cover = 96.25km

shortening = 5.0km (4.9%)



apparently high levels in the crust has been discussed by Ramsay and Huber

(1987). It is well known that fold formation is a characteristic structural 

development along single interfaces between competent and incompetent materials 

where the interface lies in the direction of shortening. Along this interface it is 

always found that the folds which arise by the deflection of the more competent 

material into the less competent material show a rounded shape and have a 

relatively large wavelength, whereas those resulting from the converse are much 

more pointed and have a relatively small wavelength producing what are termed 

cuspate-lobate folds (Ramsay, 1967). The characteristic wavelength of a fold arising 

from a buckling instability can be calculated from the equation of Biot (1957),

(N.B. this is the simplest case and does not take into account variation in the 

thickness of the layer during pure shear thickening):

W„ = 2jtt N  Ti,/6r|2 (7.1)

where and r\2 are, respectively, the viscosities of the competent and 

incompetent layers and t is the thickness of the competent layer. From figure 7.19 

the thickness of the competent layer is poorly defined because of the change in 

rheology with depth and the beginnings of pure shear in the middle crust. However, 

a maximum value of t of 12km (vertical distance between the top of the basement 

and the base of the seismogenic zone), coupled with characteristic viscosities for 

basement (1024) and cover (1022) lead to a characteristic wavelength of ca. 190km, 

an order of magnitude greater than that observed (ca. 25km). Reversing the process 

to calculate t from the observed wavelength (ca. 25km) indicates a value of 1.6km. 

If a lower value for q2 of 1013 (equal to that of glacier ice) is assumed to 

correspond to the viscosity of wet gypsiferous decollement strata in which diapiric 

flow has already been demonstrated, then the characteristic wavelength is 1.9 x 

105km. In this case layer parallel thickening of the crust is dominant.

The problem of defining t in such situations has been addressed by Ramsay 

& Huber (1987) who conclude that where the two materials in contact have no 

characteristic thickness the cuspate-lobate folds have no characteristic wavelength. 

The wavelength is controlled by the original structure of the interface. These single 

interfacial relationships along "basement-cover" contacts have been recognised in 

many orogenic zones over a wide range of scales (see Figure 19.17, p396, Ramsay 

& Huber, 1987) and are often referred to as "pinched synclines" of sedimentary 

cover between broader adjacent anticlinal regions of basement. Tricart & Lemoine 

(1986) used the term mega-mullions for such structures observed in the Western
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Alps and concluded that the presence of buckling instabilities (roll-over folds, tilt- 
block scarps and horsts) at the basement-cover contact controlled the formation of 
the large basement cored nappes of the Dauphin^ zone.

7.5.3 A strike-slip deformation model for the S.Tremedal and Nevera

A balanced cross-section of the range is necessarily schematic because the 

strike-slip deformation of basement, ubiquitous in the S.Albarracin (Fig. 7.20a), is 

not taken into account. Figure 7.20b shows how the structures observed in the 

vicinity of the S.Nevera and Tremedal can be explained by a theoretical strain 

ellipse between NW-SE dextral shear planes (the Albarracin fault system and the 

Hesperican? Fault) which themselves may relate to domainal block rotation between 

the Central and South Iberican sinistral fault zones.

7.6 DISCUSSION OF REGIONAL DEFORMATION

Detailed tectonic observations (Canerot, 1974; Viallard, 1982) show that 

folds affecting the detached cover strata are often sigmoidal in plan and can be 

grouped together in en-echelon sets. Viallard (1979, 1980) relates this folding to 

sinistral movements on intra-continental transcurrent shear zones, which divide the 

range into its palaeogeographically distinct sectors (Fig. 2.4). These are the North, 

Central and South Iberian "faults".
The South Iberican "fault" corresponds to the eastern extension of the band 

of fractures described by Alia (1972) as the "Structural Band of Toledo". In the 

same region Alia (1976) describes a family of recent E-W striking faults with 

dominantly strike-slip displacements which can be traced on satellite images for 

several tens of kilometres. These faults affect the thickness of Miocene sediments 

within the Tajo Basin (Martin Escorza, 1976) and have produced clockwise 

palaeomagnetic rotations of the Plasencia dyke (Fig. 2.9, labelled 1) during the 

Late Cretaceous (Vegas, 1989) requiring it to have been dextral at this time. 

Exposures of the structures in basement are not seen in the Iberian Ranges, but 

they have been interpreted from curving zones of folds and fractures in the cover 

(Viallard, 1982 & 1985b).

Within this scheme Viallard (1979; 1980; 1982) explains movements on all 

other basement fractures by relating them to the orientations and senses of 

theoretical fractures formed within a sinistral strain ellipse bounded by the three 

megashear directions (Fig. 2.4). There is an apparent disagreement between

the required sinistral displacements on these faults and the dextral displacements 

inferred by Vegas (1989). To account for this Viallard (1983b) quotes the
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Figure 7.20a. Tectonic synthesis map of the area north of the trace of the 
Hesperican fault showing the senses of Mesozoic/Tertiary movement on 
basement faults and the trend of axial traces in basement.

Figure 7.20b. The Tertiary structures are equivalent to those produced in a 
theoretical dextral strain ellipse between NW-SE dextral basement faults 
(1). Major displacements are on the primary Riedel shears (2) with the R' 
shears (3) subordinate and this relationship is also seen around the 
margins of the S.Tremedal and Nevera. The theoretical orientation of 
folds in the ellipse is echoed by the major axes of the two sierras and 
their en-echelon disposition is also symptomatic of strike-slip deformation.
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reinterpretation of the Bay of Biscay ocean floor magnetic anomalies by Olivet 

(1978) which suggests that towards the end of the Cretaceous, Iberia actually passed 

beyond its present position towards the east. This requires a dextral movement 

along the North Pyrenean Fault (and those fault zones parallel to it, Fig. 2.13b) at 

the beginning of the Tertiary. Sinistral transpressional movement returned for the 

remaining part of the Tertiary (Saenz, 1976) as Iberia collided obliquely with the 

European plate.

The existence of these deep seated fault zones still remains to be proved but 

Vegas (1989) follows Viallard (1983a & 1985a & b) in believing that the rotations 

and deformations of the Iberian microplate were accommodated, not by 

deformations confined to its margins, but by additional distributed deformation 

within the plate interior. Palaeomagnetic data support this hypothesis: Pares et al.

(1988) report finding a Palaeogene 20* clockwise palaeomagnetic rotation of the SE 

Ebro basin margin relative to data from the Pyrenees and Catalan Coastal Ranges. 

Osete et al. (1988) report Late Cretaceous clockwise rotations in Triassic red beds 

of the Betic Cordillera which are inconsistent with the anti-clockwise rotation of 

Iberia during the Cretaceous. Saenz (1976) used structural relations to infer an anti

clockwise rotation of the Sierra de la Demanda during the Tertiary and related it to 

movements on the dextral Asturias Fault Zone. These works conclude that the 

rotations must have occurred within zones of intra-plate strike-slip displacement. 
However, the block rotations to the northeast of the Iberian range during the 

Eocene to Late Oligocene must be bounded by an ENE-WSW shear zone which 

was dextral (Pares et al., 1988) and not sinistral as proposed by Viallard (1982, 

1985).

Using geometrical models of distributed deformation by strike-slip faulting 

Garfunkel & Ron (1985) reveal that the relative rotations of blocks is complex and 

does not always reflect the large scale sense of shear. Such models were used 

successfully by McKenzie & Jackson (1986) to explain areas of distributed 

deformation and complex intra-continental block rotations in Central Greece.

An alternative proposal by Saenz (1976) did not infer the existence of the 

ENE-WSW megashear directions but considered that all the deformation in the 

Iberian Ranges was a result of interference between the NE-SW Plasencia- 

Messejana fault (Fig. 2.9) and the NW-SE Asturian Fault Zone (the northwestern 

prolongation of the Hesperican Fault). Saenz (op. cit.) argued that since the P-M 

fault was sinistral during the Tertiary, the southeastern half of Iberia moved 

northwards against the Ebro block which was displaced sinistrally southeast by 

movements on the Asturian Fault Zone. He concludes that the northwards
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movement may explain the dominance of northward-facing structures in basement 

rocks which Saenz (1976) assumed to have deformed in a brittle manner.

7.7 GENERAL CONCLUSIONS ON BASEMENT DEFORMATION DURING 

THE TERTIARY

The deformation behaviour of the basement is strongly dependent on its pre

existing rift structure which juxtaposed rocks with widely different properties. Roll

overs in extensional half grabens became accentuated by folding during contraction 

(S.Tremedal, Nevera & Valdemeca) and may have reorientated steep extensional 

faults, allowing them to invert and produce characteristic footwall shortcuts across 

their steep upper portions (e.g. in the S.Carbonera & S.Menera). Other faults 

remained steep and reactivated with strike-slip displacements, producing distributed 

zones of faulting in the cover (e.g. at Albarracin & Pozondon). Where basement 

strike-slip fault lines interfered thrusted "pop-up" wedges occurred (e.g. in the 

Torres structure).

Whilst balancing sections perpendicular to the cover shortening provides a 

good "first test" of the deeper basement structures, strike-slip movements out of the 

plane of the section occurred in the S.Albarracin and may have contributed to the 

shortening of the basement, possibly by domainal block rotation. A generalised 

model is shown in Fig. 7.21.

Figure 7.21 Generalised intra-plate strike-slip fault model for Tertiary 
deformation of the Iberian Peninsula (Ma, Madrid, Cu, Cuenca, location of 
the study area dotted). The reported senses of block rotation are complex but 
opposed senses of instantaneous rotation can occur in a nested system of 
blocks, a. E-W sinistral Riedel shears and dextral R' shears produce 
anticlockwise rotation of the enclosed block, b. Movement on the R' shears 
may give rise to another set of antithetic fractures (dotted) which are 
sinistral and result in clockwise rotations of the enclosed smaller block. 
Compare this with the strike-slip model for basement deformation in the 
Sierra de Albarracin.
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CHAPTER 8

BRITTLE MICROSTRUCTURAL TECHNIQUES

8.1 INTRODUCTION.

Previous field studies (Arthaud, 1969; Angelier, 1979; Simdn Gdmez, 1982; 

Bergerat, 1987; Lisle, 1989b) have shown that qualitative and quantitative analyses 

of brittle microstructures (sensu Hancock, 1985) provide a reliable method of 

investigating the distribution and evolution of palaeostresses through successive 

tectonic events (Angelier 1989). The techniques rely on the assumption that the 

brittle deformation observed in a small sample of rock is directly related to the 

palaeostresses that produced structures on the regional scale. Moreover, in order for 

the brittle microstructures to be related directly to the regional palaeostresses, it is 

necessary to assume that each side of a discontinuity behaves as a perfectly rigid 

block and that no local stress reorientation occurred to produce the observed 

structures. These assumptions are not always satisfied so areas with significant 

continuous deformation need to be avoided when sampling, as do areas where the 

cover structures are secondary to movements on deeper primary faults.

Such microtec tonic studies are highly applicable to the Iberian Ranges as, 

according to Simon Gomez (1982), "the small scale structural associations in 

Maestrazgo contain much information regarding the deformation of the larger faults 

and shear zones; most of which are deeply buried and inaccessible". The cover 

rocks throughout the Iberian Ranges occur well within the brittle and brittle/ductile 

deformational fields as defined by Park (1988) and the predominance of calcareous 

material allows a wide variety of brittle microstructures to develop. The cover 

structure is ideally suited to microtectonic analyses being characterised by wide 

areas of unfolded or mildly folded strata and zones of secondary structures which 

are easily recognised and avoided.

The morphology, orientation and distribution of brittle microstructures will 

be reviewed in an attempt to infer some general constraints on the orientation of 

the principal stress axes. This gives little information about the relative magnitudes 

of the principal stresses (o^Gj & a3) or their sequential development and more 

sophisticated methods which deduce stress tensors (i.e. the shape and orientation of 

the stress ellipsoid) from populations of faults are required: these are reviewed in

the light of the general constraints to discover which method is most appropriate to

the study area. The most suitable method is a modification of the graphical

technique of Simon Gomez (1982, 1986).
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8.2 STRESS HISTORIES DEDUCED FROM OTHER PARTS OF THE 

RANGE

Studies of brittle microstructures have allowed the stress history to be 

determined: For the western part of the Ranges, Alvaro (1975) determined a 

sequence of NW-SE compression followed by NE-SW, ENE-WNW and recurrent 

NW-SE compression.

The sequence according to Simon Gomez (1982) for the area of Maestrazgo 

began in the Eocene or Oligocene with ESE-WNW compressional stresses, followed 

by NE-SW compression during the Upper Stampian (Oligocene-Miocene) which 

gave rise to the major NW-SE structures in the cover. A NNE-SSW compression 

followed in the Burdigalian to Upper Vindobonian (Mid-Upper Miocene) and this 

evolved gradually into WNW-ESE extension during the late Vindobonian and into 

radial extension during the Pliocene. Each of these events led to reactivation of 

basement lineaments as strike-slip or oblique-slip faults.

Simon Gomez (1986) considered that the NE-SW compression preceded the
*

NW-SE. This suggests an anticlockwise rotation of the major horizontal stress axes 

but Simon Gomez (1982) concluded that it was clockwise with the NW-SE 

compression followed by compression N-S. These two interpretations are not 

consistent.

Guimera (1984) concludes that the regional stresses, affecting the whole of 

Iberia, started with NW-SE compression during the Lower Eocene and evolved into 

N-S compression during the Upper Eocene. A NE-SW compression event was 

recorded in the Iberian Ranges during the Upper Oligocene to Lower Miocene and 

this evolved via a gradual diminution of Gj into an tensional stress field during the 

Middle and Upper Miocene. Guimera (op. cit.) does not recognise a distinct phase 

of N-S compression in the Iberian Ranges though he does propose that small 

reverse dextral movements of the NW-SE basin margin faults may relate to this 

direction of stress.

Casas Sainz & Simon Gomez (1986) used populations of faults at Teruel to 

determine the local stress sequence and the general tectonic regime. They concluded 

the following sequence of maximum horizontal stress direction; ESE-WNW, N-S, 

NE-SW and the stress ellipsoids, in most cases, related to a wrench regime

(sensu Bott, 1959). Extension during the Neogene was orientated NW-SE at this 

locality, but elsewhere it was ESE-WNW or radial (Simon G6mez, 1989)

The regional and local stress history is summarised in Fig. 8.1.

* forming part of a gradual rotation of the stress axes (inet. N-S)
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Figure 8.1 Change in regional and local compression directions throughout 
the Tertiary in relation to the development of the major structures in the 
Iberian and Catalan Coastal Ranges (from Guimerd, 1984).
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8.3 BRITTLE MICROSTRUCTURES

Brittle microstructures are microscopic to mesoscopic discontinuities formed 

within the brittle field and separating two blocks of rock (Hancock, 1985). These 

discontinuities can be divided into three types based on the relative movement 
between opposing blocks: (1) Relative movement together by pressure solution 

(stylolites); (2) relative movement apart to produce voids or precipitated veins 

(extension joints); (3) relative shear movement (faults). It is possible to infer the 

direction of at least one principal stress directly for stylolites and extension joints 

but with more complicated analysis for faults.

8.3.1 Styolites.

Pressure solution stylolites possess irregular surfaces with 

perpendicular or oblique peaks and troughs. The stylolite peaks are generally 

considered to be parallel to the direction of principal compression (Park & Schot, 

1968). However, Ramsay (1987) has shown that measurements of stylolite peaks 

developed on surfaces oblique to the o l direction ("slickolites") do not line up with 

peaks developed on surfaces perpendicular to a, (stylolites). This is probably 

because obliquity of the surface to the regional maximum compression gave rise to 

some stress refraction close to the surface.

Park & Schot (op. cit.) recognise six different stylolite morphologies (Fig.
8.2):

1. Undulatory; A /W ^
2. sutured; 6

/
1
\

3. rectangular (downward peaks); 5 \ )2
/

4. rectangular (upward peaks); 4 3

5. acute; W v’W r

6. very acute ("seismogram type").

Fig. 8.2

Within the field area the main types encountered were sutured and 

rectangular (upward and downward peaks, types 2,3 and 4) and were best developed 

in pure micritic limestones of the Middle Jurassic Chelva Limestone Formation. 

From 16 localities 167 stylolitic surfaces were roughly perpendicular to bedding and 

20 were parallel. Bedding perpendicular stylolite surfaces show a wide spread of 

azimuths between 030° and 140° with a maximum at 055° (Fig. 8.3). Most stylolites 

dipped at consistently high angles to bedding. If the effects of bedding are removed 

the poles cluster around two subhorizontal maxima (N315W & N030E) and one 

subvertical maximum with no intermediate dips (Fig. 8.4). Pressure solution offsets

2 1 2



Figure 8.3 Rose diagram of azimuths^to tectonic stylolites (subvertical) 
from around the area. The prominent peak represents 32 stylolites in the 
interval 050-060°.

** N.B. For stylolite azimuth read azimuth of pole to stylolite

Figure 8.4 Southern hemisphere equal area projection of poles to all 
stylolites recorded from the area after correction for bedding dip. Note the 
clear distinction between subhorizontal burial stylolites (crosses) and 
subvertical tectonic stylolites (circles) which show two prominent trends A 
and B.
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Figure 8.5 Rose diagrams of azimuths of tectonic stylolites recorded from 
individual localities from around the area (see text for description).
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Figure 8.6 Oj principal stress trajectories inferred from the rose diagrams 
in Fig. 8.5. Note the direction changes at Albarracin and southwest of 
Moscardon (see text for explanation).
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also show that bedding parallel (sub-horizontal) stylolites are the latest to develop.

Figure 8.5 shows rose diagrams of stylolite azimuths for each locality, 

superimposed on a map of the area from which two generalised stress 

trajectories were plotted in Figure 8.6. Simon Gdmez (1982, 1986) and Guimer£ 

(1984) showed that the NW-SE compression was of Eocene age and was followed 

by the major NE-SW compressional phase during the Late Eocene to Early Miocene 

(Fig. 8.1).

The directions of the stylolite maxima are not consistent throughout the area 

(Fig. 8.5): The area can be divided into two halves north and south of the M.U. 

thrust zone in which NW-SE and NE-SW maxima are predominant respectively.

The coincidence of the change in dominant trend of stylolites with the trace of the 

Hesperican fault, suggests that either the fault itself, or the change in stratigraphic 

thickness between hanging wall and footwall, has in some way affected the local 

stresses. A sampling bias seems unlikely since effects are consistent at most 

localities.

NW-SE stylolite azimuths sampled in the vicinity of the Albarracin fault 

zone are rotated 20-30° clockwise, relative to stylolites from other localities. The 

NE-SW azimuths have not been rotated. The rotation is consistent with the dextral 

movements of the Albarracin fault zone (see Section 7.3) and must have occurred 

before the development of the NE-SW stylolites which are unrotated. NW-SE 

compression would have produced sinistral movements in the fault zone, so the 

rotation cannot be contemporaneous with the stylolite formation. Guimer& (1984) 

suggested that the NW-SE and NE-SW major compressional phases were separated 

by a period of N-S compression in the Upper Eocene to Oligocene (Fig. 8.1).

These compressional phases were related to the northward movements of the Iberian 

plate and the initiation of nappe emplacement in the Pyrenees. The N-S 

compression produced sinistral movements on NW-SE faults in the Catalan Coastal 

Ranges (Guimera & Santanach, 1978) and reverse-dextral movements on the NW- 

SE faults in the Iberian Ranges (Guimera, 1984, see Fig. 8.1). The lack of rotations 

of NE-SW stylolite azimuths above the trace of the Hesperican Fault suggests that 

it was not active during this compression event, hence the lack of en-echelon Riedel 

shears around Alto-Tajo and Valdecabriel. The area to the south of the Montes 

Universales shows many small rotations of the NW-SE stylolite azimuths suggesting 

that beneath the cover the basement may be extensively faulted, as suggested by 

Nieves-Melendez (1983) and Lopez-G6mez (1985). The stylolite rotation at Moya 

de Perol (G.R. 78936156) was anticlockwise and this can be related to NW-SE 

faults causing a sinistral offset of a NNE-SSW trending diapir possibly activated by
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faulting. Sinistral displacement on the NW-SE trending fault contrasts with the 

dextral movement on the Albarracin zone and may relate to a different phase.

Simon G6mez (1982, 1986) recognises that the absence of tectonic stylolite 

poles with plunges between 20° and 75° means that the change from the Oligocene- 
Miocene compression to Middle Miocene extension did not involve a significant 

rotation of about the horizontal axis g 3. Rather, the change of o l from horizontal 

to vertical took place by the gradual decrease of o, horizontal stress until it became 

a2. The predominance of strike-slip movements on major faults during the Tertiary 

compression indicates that g2 was vertical. In this way the interchange of Gj and g2 

represents a change from compression to extension. This constraint greatly reduces 

the complexity of the fault slip inversion process (section 8.4).

8.3.2 Extension Joints

Extension joints tend to be irregular fractures which open 

in the direction of g 3. Veins and joints for the whole area tend to show a rather 

complex pattern (Fig 4.12c). In the field, it is difficult to discriminate between the 

extension joints of different ages so few conclusions can be drawn about the 

Tertiary compression.

8.3.3 Faults
In the brittle field, the structures associated with frictional sliding on fault 

planes were summarised by Petit (1987) and these criteria (Fig. 8.7) were employed 

in the field to determine the movement senses for faults in 11 data sets (Figure 

8.8). The field data consists of strikes and dips of fracture planes, plunges and 

plunge directions of slip (slickenside striae or T,R,P secondary structures) and their 

senses of relative movement (sinistral or dextral, normal or reverse).

8.4 DIRECT ANALYSIS OF FRACTURES

If the direction and sense of slip on a fault are known, it is possible to 

constrain the direction of the principal stresses that caused the movement. This is 

only the case if the recorded slip relates to fault formation by fracture (i.e. 

"neotectonic movement" of Angelier, 1989). If this is the case, then the theory of 

Anderson (1951) can be applied and the direction of fault slip lies in the 

plane. Incorporating internal friction (i.e. the Navier-Coulomb criterion):

x = ^Qn + C (8.1)
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Figure 8.7 The T, R & P criteria used for the determination of slip 
direction on brittle faults (from Petit, 1987).
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where (I; = tan<|), the angle of internal friction, C is the cohesion of the rock, 

on is the stress normal to the plane and x is the shear stress tangential to the plane. 

The acute angle between the slip direction and the a, direction is then given by;

0 = 45 - <J)/2 (8.2)

and this gives rise to a pair of conjugate faults with Gj as their acute 

bisector.

Reches and Dieterich (1983) used polyaxial loading tests to determine 

whether such faults could accommodate continued bulk strain in three dimensions.

He discovered that the conjugate systems previously described could not do this, 

but were replaced by a system of three or four fault sets disposed in orthorhombic 

symmetry. Reassessment of field data in regions of well exposed faulting and 

relatively homogenous polyaxial strain has verified these conclusions (Tsikos & 

Dixon, 1989).

Poles to minor faults and joints are shown in stereographic projection in 

Figure 8.8. None of the data sets show simple systematic relationships which 

conform to conjugate or orthorhombic symmetry. In some of the data sets (i.e. 

Albarracin), subgroups of poles can be separated and these appear at first to be 

conjugate sets. However, the slip senses are not consistent because sinistral, dextral, 
normal and reverse movements are seen within the same field. The predominance of 

oblique slip faults (Tragacete & Terriente) with varied orientations cannot be 

explained if the faults were neotectonic.

To conclude, it is most likely that the observed slip on faults is a result of
not

the reutilisation of older fractures and f̂resh fracturing. The theories of Anderson 

(1951) and Reches & Dieterich (1983) cannot be applied to infer the orientations of 

the principal stresses.

8.5 METHODS FOR THE ANALYSIS OF FAULT POPULATIONS

8.5.1 Introduction

Following Wallace (1951) and Bott (1959), knowledge of the orientations 

and relative values of the three principal stresses a lf o2 and o3 allows determination 

of the direction and magnitude of the maximum resolved shear stress on any plane 

within this co-ordinate system. The direction of maximum resolved shear stress is 

parallel to the direction of fault slip.

The inverse problem in microtectonics (Etchecopar et al., 1981) is to infer
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the directions and relative values of the principal stresses from observations of the 

direction of slip on a plane. This is impossible for only one plane since the relative 

value of g2 and the orientation of the stress axes are both unknowns i.e the slip 

direction on one plane can be explained by an infinite number of combinations of 

these two variables. Some further constraint is required.

Using populations of faults with different slip directions enables one to 

minimise the number of possible orientations of Glt g2 & a 3 and their ratio R (g2- 

a^Gj-Gi). A number of methods have been proposed to do this, assuming that each 

fault separates two perfectly rigid bodies in which no plastic deformation occurs 

(Angelier, 1979, 1984, 1989). In this way, the attitude of fault planes remains 

constant. Near field elastic strains, such as those proposed by Barnett et al. (1987), 

need not be considered as they do not affect the fault plane attitude. For all 

methods, it is assumed that all the slip events on the observed faults are 

independent and represent the same stress tensor (during movements of the same 

tectonic phase (Angelier, 1979)).

8.5.2 Methods applicable to monophase tectonics.
Two graphical methods have so far been developed: the method of Arthaud 

(1969), later modified by Aleksandrowski (1984) and the right dihedra method 

(Angelier, 1975; Angelier & Mechler, 1977) later elaborated to the right trihedra 

method by Lisle (1987).

Arthaud’s Method

The advantage of this method is that senses are only required for a portion 

of the fault data. It is based on the concept of movement (M) planes which are 

perpendicular to fault surfaces and contain the direction of slickenside striae (Figs. 

8.9b). In common with all the monophase graphical methods, the procedure can be 

carried out on a stereographic net.

Poles to fault planes and the directions of their striae are plotted on the 

projection and joined by great circles (Fig. 8.10a). Poles to these great circles are 

termed rc-M points. According to Arthaud (1969), these great circles (M-planes) 

should intersect at one, two or three points which represent poles to a similar 

number of great circles. These great circles should follow the traces of all the 7t-M 

points for the data. The points of intersection of the movement planes correspond to 

an orthogonal system of deformation axes which determine the directions of 

maximum shortening (Z), maximum extension (X) and intermediate axis (Y) (Fig. 

8.10b). The senses observed can be used to label these axes. Unfortunately, these
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Figure 8.9a The four dihedra relating to a fault plane on which the slip is 
in the direction of the arrow and the auxiliary plane (the ,,beachballs,, 
used in seismology). Diagrams A, B & C are from Lisle (1987).

Figure 8.9b The eight trihedra of Lisle (1987). Plane SN (the M 
(movement) plane of Arthaud (1969)) separates octants in which a, and o 3 
can occur.

Figure 8.9c Schematic diagram to show the restrictions that must apply to 
the orientations of the stress axes relative to the 8 trihedra. Considering 
only the upper half of the diagram (which is symmetrical about the fault 
plane (the primitive circle)) o, occurs in quadrant OSN bounded by the 
fault plane, the auxiliary plane (grey) and the M-plane (black). g3 can 
only occur in two trihedra (far left and near right) however its exact 
location depends on the orientation of a2 which is 90* from both. This 
added restriction to the orientation of a 3 was used in Lisle’s (1987) 
adaptation of the Angelier & Mechler (1977) method of statistical 
palaeostress analysis of fault slip data.
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axes of deformation are only indirectly related to those of the principal stresses 

(Aleksandrowski, 1985). Carey (1976) showed that the Arthaud method can be 

successfully applied only to slickenside lineation populations arising from a radial 

stress field (geometrically represented by a uniaxial ellipsoid). Only as stresses 

approach this state will all the M-planes intersect at one point. This explains the 

absence of intersections on the plot of data from El Vallicello (Fig. 8.10d) which 

relate to at least one triaxial stress tensor. Furthermore, if the amounts of slip are 

unknown, then the only axis of deformation that can be directly inferred is that 

corresponding to the axis of rotation of the stress ellipse (Carey, 1976; 

Aleksandrowski, 1985).

Aleksandrowski’s modification to the Arthaud Method.

Aleksandrowski (1985) modified the Arthaud method so that it could be 

applicable to more general triaxial stress states. Fundamental to the method is the 

discrimination of partial M-plane intersection points (PMI) within the whole M- 

plane plot. If the poles to their corresponding slip planes fall on a great circle 

(GCF), then the M-plane intersection is considered to be real. This is carried out 

for all partial M-plane intersection points recognised. On the stereogram all valid 

PMIs should fall on one of three great circles whose intersections define the 

principal stress axes.
The method does not utilise all of the available data but can discriminate 

against those planes and striae which are anomalous and would otherwise 

complicate the result. It is time consuming and graphically complicated, and 

depends strongly on the interpretation of best PMIs and their corresponding great 

circles. Such complicated diagrams could not discriminate between tensors of more 

than one phase (i.e. Fig. 8.10d) and are not considered.

The Right Dihedra and Trihedra Methods.

Although the data ffom a single fault plane do not allow a unique 

determination of the shape and orientation of the stress tensor, they do allow some 

limits to be placed on the possible directions of the principal stresses (Lisle, 1987). 

In particular, it was noted by McKenzie (1969), that the maximum and minimum 

stresses (^  & a 3) are confined within right dihedra bounded by the fault plane and 

another imaginary plane which is perpendicular to the fault and to the direction of 

maximum shear stress (Fig. 8.9a). From a knowledge of the quadrantal arrangement 

of the fields containing the principal stresses, methods have been devised to restrict 

further the stress orientations by combining data ffom individual faults e.g. the
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Figure 8.10a Plotting fault data on a stereographic projection prior to 
using the analysis of Arthaud (1969)

Figure 8.10b An example of M-planes and JtM points plotted in 
stereographic projection for a population of faults resulting from one 
phase of fault slip. The main intersection of the M-planes is the 
projection of one of the deformation axes (in this case the fault slips 
show it to be the axis of shortening approximately Oj). The dotted curve 
is the best great fit great circle through all the 7tM points and contains 
the other two deformation axes (approximately a 2 and o3). From 
Aleksandrowski (1985).

Figure 8.10c Application of the method of Angelier & Mechler (1977) to 
the same population, (see text for discussion).

Figure 8.10d Application of the method of Arthaud (1969) to fault data 
from El Vallicello (collected during this study), a locality known to have 
suffered more than one phase of brittle deformation during the Tertiary. 
There is no clear M-plane intersection so Arthaud’s method is 
unsatisfactory. A modification of Arthaud’s method which relies on the 
identification of partial M-plane intersections (Aleksandrowski, 1985) is 
also not applicable.
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statistical search procedure of Angelier & Mechler (1977). Figure 8.9a shows a 

fault on which movement is parallel to the striations and in the direction shown. By 

drawing another plane (the auxiliary plane) perpendicular to the fault this effectively 

splits the space around the fault into quadrants. For the observed sense of 

movement, Gj must lie somewhere within the unshaded quadrant and a 3, 90° away, 

must lie in the shaded quadrant. On a stereogram, this gives rise to the familiar 

"beachballs" used in seismology. If for a second fault, one superposes the 

beachballs, then the intersect of the Oj quadrants diminishes. The same is true for 

the g 3 quadrants (Fig. 8.11). Ideally, for a population of fault striae generated by 

the same stress tensor, these intersects will diminish to points which give the only 

possible orientations of Gj and g 3 that will explain all the fault movements. The 

direction of g 2 is orthogonal to both Gl and g3. However, it is normally found that 

the method delineates a number of possible G3 orientations, so some additional 

statistical measure is required in order to isolate the most favourable.

Lisle (1987) recognised that a simple additional constraint could be applied 

to the Angelier & Mechler method. If a further plane is drawn on Fig. 8.9b which 

is perpendicular to the fault plane and parallel to the striae (Arthaud’s M-planes), 

the beachball can be divided into 4 dihedra about this plane and the auxiliary plane. 

As Gi and g3 are 90° apart then if g3 occurs in one pair of diametrically opposed 

dihedra, o 3 must lie in the other pair. This check allows the area of Gt intersection 

to be further reduced and a more rapid approximation of the direction of o, (Fig. 

8 . 11).

Lisle (1988) developed a BASIC computer program (ROMSA) to calculate 

the likelihood of a chosen direction X being the direction of o 3. This is done 

firstly by calculating P, as the proportion of the fault planes for which X lies in the 

Gi dihedra. The Angelier & Mechler (1977) method estimates stress directions 

solely from contoured values of Pj.

Secondly, directions perpendicular to X are considered as the o 3 axis. Many 

directions are examined at an angular interval specified by the user. The orientation 

of the perpendicular which is considered most appropriate for the direction of g3, is 

termed Z. Z is selected as the direction which maximises the product P2.P3. P2 is 

the proportion of the fault plane data which places Z in the s3 dihedra. P3 is the 

proportion of the fault plane data which lie in opposite pairs of dihedra divided by 

the M-plane and the auxiliary plane and quantifies the degree to which Lisle’s 

modification of the Angelier & Mechler method is satisfied.

Finally, the combined likelihood of X=g, and Z=o3 is calculated: P(Toui) = Pi 
x P2 x P3. Gj is taken as the direction X for which P̂ o,.,) is a maximum. g3 is the
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Figure 8.11 Examples of the graphical dihedra and trihedra techniques of 
Angelier & Mechler (1977) and Lisle (1987) applied to three oblique slip 
faults A. Superposition of o 1 and a 3 dihedra only (enclosed by planes OS 
& ON) reduces the possible orientations of and a 3 to the black and 
grey regions respectively (B). Applying the dihedra labelling method of 
Lisle (1987) to recognise incompatible orientations of a, and a 3 greatly 
reduces the possible orientations of a,. See Lisle (1987) for a full 
explanation of the method.
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corresponding direction of Z and g2 is orthogonal to both.

Once these orientations are known, then the stress ratio R can be calculated 

for each fault/striae. Aleksandrowski (1985) accomplished this by converting the 

slickenside orientations to a co-ordinate system in which the c„ g 2 and g3 axes 

follow the regional x,y,z axes respectively. Thus, the dip direction Lp and dip Tp of 

the fault plane are transformed into Lp' and Tp' while the trend Lf and plunge T, of 

the striation are replaced by L,' and T/. The direction cosines l,m,n of the normal 

to the movement plane, as well as the angle 0, (pitch of the maximum shear stress 

on the fault plane) are given by:

1 = sin Lp'.sin Tp' (8.3)

m = cos Lp'.sin Tp' (8.4)

n = cos Tp' (8.5)

TanG = Tan (L/ - Tp' - 90)/cos Tp' (8.6)

The value of R is then derived from the rearrangement of Bott’s (1959) equation 

(Aleksandrowski, 1985):

Gz - Gx l.m
r  = --------  = -----

y
Numerical Methods

Gy - Gx n - n3

m.n
—  - tan0 
1

(8.7)

Tensor (matrix) methods were developed by Carey (1976) and Armijo and 

Cistemas (1978). Carey (1976) used a minimisation technique (trial and error) to 

explore the angular deviations between striations measured in the field and striation 

directions calculated for each plane assuming a value of R. Armijo and Cistemas 

{op. cit.) solved the inverse problem by minimising the mean square deviation of 

the R parameter (shape of the stress ellipse).

In Carey’s method the R parameter is set and the orientation of the tensor 

(in terms of the three Euler angles) is varied until a minimum deviation exists 

between computed and measured striations.

The method of Armijo and Cistemas uses the assumption that all fault 

movements relate to the same stress tensor. The orientations of the principal stresses 

are iteratively refined until all R values lie within a minimum deviation of each 

other.

Such methods require a familiarisation with the manipulation of tensors. The 

iteration requires the use of a computer and furthermore it will be shown that 

assumptions can be made about the stress tensors in the Iberian Ranges which

2 2 7



significantly simplifies the analysis. These methods are not considered further.

The Application o f Monophase Methods to Iberian Range Tectonics.

The results of the analysis of tectonic stylolites has shown that at least three 

phases of deformation have effected Mesozoic strata in the Iberian Ranges. Unless 

the tensors relating to these phases possess significantly different orientations and/or 

R-values then they will not be isolated by the methods so far described. For each 

of the data sets, the monophase method of Lisle (1987) is employed to investigate 

this.

8.5.4 Methods applicable to polyphase tectonics.

Mathematical methods

In an attempt to separate stress tensors from a multi-event population of 

faults, Armijo, Carey and Cistemas (1982) produced a more accurate solution in 

terms of tensors, by combining the methods of Carey (1976) and Armijo & 

Cistemas (1978). This was achieved by introducing a weighting factor which is 

standard in both minimisation equations, such that varying its value to minimise the 

combined deviation represents an optimisation between observational errors (Carey’s 

method) and stress (R) fluctuations (Armijo & Cistemas’ method). However, phase 

separation within these two component methods is different: The Carey method is 

based on the calculation of a mean stress orientation for the whole fault population. 

Phase discrimination is made by the separation of those measurements that show 

only a small angular deviation (< ca. 15°) from one of the possible stress tensor 

solutions. A new tensor is then tested to explain the remaining observations.

The Armijo and Cistemas method employs the mean square of the R 

deviations over all the striations of a fault collection. The examination of different 

minima in the space of all possible orientations of the tensor allows one to 

discriminate between different R-values and therefore different tensors.

Etchecopar et al. (1981) use a similar tensorial inversion technique 

incorporating both the minimisation of R and the angular deviations of the stress 

tensor from the ideal. The algorithm proposed for the separation of tectonic phases 

is based on the assumption that if "n" data (where n < N; the total number of data 

values) are due to the same tectonic phase, the variance of angular deviations is 

expected to be smaller than if the n data correspond to different phases. Whilst the 

method fully determines the shape and orientation of the stress ellipse once fault 

slips relating to different phases have been separated, subjectivity is introduced into
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the procedure due to the required "a priori" choice of the fraction of data n on 

which the minimisation has to be carried out. Etchecopar et al. (1981) suggest a 

method for determining the optimum value of n by using several criteria. This is 

achieved by investigating the stability of the minimisation solutions for different 

random trials (i.e. whether the same result is obtained by changing the data set n).

If the residual values for the n data set (computed - actual striation direction for 

tensor T) are plotted on a histogram, then the optimum choice of n should show a 

maximum number of the data with low residuals (<20%). Application to real data 

sets subjected to polyphase tectonics in Languedoc (Etchecopar et al., 1981) shows 

that the method can be used in conjunction with other microstructures to adequately 

separate individual stress tensors.

This method allows the complete dynamic determination of the shape and 

orientation of the finite stress ellipsoid. With such a sensitive numerical technique, 

the errors inherent in data collection are magnified and because of the need for a 

high proportion of the data within the chosen set n to be of one phase, the effects 

of poorly represented phases are lost. The computation required involves numerous 

repetitions of calculations during the minimisation procedure. For rapid problem 

solving and a complete view of all the possible stress tensors within the population 

some form of graphical technique would be more suitable.

It has already been suggested that the change in stress tensor during the 

Tertiary did not involve rotation of one of the principal stress axes from the 

vertical. Simon Gomez (1982) applied the method of Etchecopar et al. (1981) to 

oblique, normal and strike-slip striations from Maestrazgo and confirmed this lack 

of rotation for all tectonic phases deciphered. He concluded from this that the 

change from compression to extension represented an interchange of Oj and o2 axes 

between the horizontal and vertical directions (i.e. the shape factor R of the stress 

ellipse changed and not its inclination).

With this simplification, methods of phase separation dependent on variations 

in the orientations of the principal stress axes, (i.e. Carey, 1976), become redundant. 

Some method is required to express the change in terms of R. Additionally, the 

removal of one variable from the inversion calculations means that the complex 

tensorial analysis of Etchecopar et al. (1981) can be significantly simplified.

Graphical Methods: The YR diagram

Following Simon Gomez (1982, 1986) the assumption of one vertical stress 

axis means that only the azimuth of the major horizontal stress axis Y and the 

stress ratio R are required to deduce the orientation and shape of the stress tensor.
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Combining these parameters enables the reconstruction of the tensor sequence and 

the explanation of pitch variations on fault striae. Phase separation is based on the 

assumption that two striations from the same phase must have the same R value. A 

further consequence of the simplification is that, with only two unknowns, these can 

be plotted on a two dimensional diagram.

Simon Gomez (1982) states that under a stress tensor with a vertical

principal axis gz and horizontal axes Gx and Gy, the pitch (0) of the striations on a

fault plane is a function of the stress ratio R, where;

R = (a, - a j o ,  - <Jj (8.8)

and the direction cosines 1, m, n of that plane, referred to the stress axis system 

such that:

n Gz - ox
Tan 0 = — . m2 - (1 - n2). ---------  (8.9)

l.m a y - G„

Using this equation, Armijo (1977) developed a formula to calculate the R ratio 

responsible for a single fault movement providing that the axis orientations are 

already known:

tan0 - tan0y
r  =    (8. 10)

t a n 0 x -  t a n 0 y

where 0X, 0y are the pitches of the Gx, Gy projections on the fault plane and (0) is 

the pitch of the striations on the fault plane (Fig. 8.12a). Following Jaeger (1964,

pl76), a similar formula can be constructed for t '  and t"  (the dip and strike

components of shear stress on the fault plane) in terms of two angles <}) and X (see

Appendix 2 for proof). These are respectively the dip of the fault plane and the

horizontal angle between its azimuth and Gy:

t' = sin<J>.cos<j>.{(Gx.cos2k + Gy.sin2X) - o z) (8.11)

t" =  sin<t>.sinX.cosX.(Gy - Gx) (8 .12)

Since from Figure 8.12b the pitch (0) is given by;

tan 0 = Tap/i,

2 3 0
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Figure 8.12a Explanatory diagram of the field data required for the YR 
analysis which assumes that one principal stress was always vertical (i.e. 
oz = (7|, (?2 or g 3).

Figure 8.12b Proof of the relationship between pitch of a striation on a 
fault plane (0) to its plunge (y) and the dip of the fault (<|>). The 
geometry also shows how Tan0 = Tdip/Tltrike.
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then;

2.cos<{> Gz - Gx
Tan0 = T^p/x,^ =   . sin2X -------------  (8.14)

sin2A, a y - G,

Rearranging for R gives:

tan0.sin2k
R = sin2X -   (8.15)

2.cos(J)

where, R is the stress ratio, X is the horizontal angle between the Gy 

direction and the fault azimuth, 0 is the striation pitch and <j> is the dip of the fault 

plane (Fig. 8.12a).

The advantage of this formula is that it can be applied directly from field 

observations without the need for conversion to direction cosines. To take into 

account the sense of slip on faults, Sim6n G6mez (1982) regarded the striation 

pitch as positive in reverse faults and negative in normal ones.

The method of Simon Gomez (1982,1986) first utilises a simple graphical 

technique (e.g. Angelier & Mechler, 1977; Lisle, 1987) to delimit an interval of oy 

(the major horizontal stress), which is compatible with all the fault movements.

Next, the R value is calculated (using equation 8.15) for every possible orientation 

of Gy in the compatible field and this curve plotted on a graph with axes Y and R. 

R varies from -<» to 0 to -h»  and must be plotted on a logarithmic scale. The types 

of curve generated by the same orientation of fault, but with different directions 

and senses of slip are shown in Fig. 8.13.

Interpretation.

The discrimination of tensors from a population of faults is made by 

recognising the positions where a number of YR curves intersect (referred to as 

"knots"). These correspond to faults on which the observed slip can be explained by 

a single value of R for that orientation of oy.

In areas which have been subjected to polyphase tectonics a population of 

faults will tend to show a number of intersections. These correspond to separate 

events which make up the tensor sequence for that area. By analysing faults on 

which more than one striation is developed it is possible to investigate this 

sequence, especially if the relative ages of the slip events are known.

The value of R was used by Bott (1959) to classify tectonic regimes. These 

are summarised in Table 8.1. A further division of the wrench regime can be made:
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Between 0.5<R<1.0 most oblique-slip fractures have a normal component except 

where their poles lie in the G„ a 3 plane. This can be considered to be a 

transtensional regime. Between 0<R<0.5 most oblique-slip fractures have a 

dominantly reverse component except where their poles lie in the o 2, a 3 plane. This 

is the transpressional regime.

M odifications to the method of Simon Gomez.
The YR method proposed by Simdn G6mez (1982, 1986) does not use all 

the data to fully discriminate between possible stress tensors. In his analysis the 

curves are continuous, modified sine waves and for all faults except pure strike-slip, 

they pass through both the positive and negative fields of R. This means that the 

same set of curves can produce intersections in two different fields, thus confusing 

the process of tensor discrimination. The reason for this lies in the choice of only 

the dip-slip sense of movement to classify the fault (N.B. the use of +1 and -1 for 

the same fault imparts a 90° phase lag, e.g. the two curves on Fig. 8.13 test 1). 

Without fully describing the slip on the fault the corresponding curve is general 

(Fig. 8.13, test 1 & 2). All faults will have a part in the negative R field (reverse) 

and a part in the positive (normal), both with the possibility of giving rise to knots. 

However, these can easily be separated.

Modification 1

Within the uniaxial to triaxial extension field (where 1<R<<») slip on the 

faults cannot have a component of reverse movement (Table 8.1). In the uniaxial to 

triaxial compression field (where 0>R>-<») slip cannot have a component of normal 

movement. Within the wrench regime, both components are possible depending on 

the orientation of the fault with respect to the principal axes of stress. If these 

components of slip are not compatible with that shape of stress ellipsoid, then those 

parts of the YR curve need not be drawn (Fig. 8.13, test 1 & 2).

Modification 2

If the sense of strike-slip movement is also incorporated, then the possible 

fields of Y can be reduced (Table 8.1) and Gy can only cause slip if it falls within 

the two unshaded quadrants (Fig. 8.13, Test 3 & 4) Only those parts of the Y/R 

curves that fall in these intervals need be drawn.

If the fault striations are pure strike-slip, then modification 1 cannot be 

employed. If they are pure dip-slip, then the modification 2 cannot be employed. 

Because the sense of slip is often difficult to determine, plots incorporating only
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Table 8.1 Tectonic regimes classified with respect to R (a2 - G joy - a x) 
based on the arguments of Bott (1959). The end column describes the 
components of fault slip which are impossible in each stress regime 
independent of their orientation about a fixed a z.



ILLEGAL CO M PO NENTS OF  
SLIP ON PRE-EXISTING  
PLANES

TECTO NIC
REGIM E

O RIENTATION (labelling) 
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No strike slip com ponent 
N o reverse com ponent
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No reverse com ponentUniaxial 
extension  
towards c 3

a 3

All slips possibleStrike slip  
(0-0 .5  trans
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Figure 8.13 Example YR curves for a fault dipping 60° towards 090°. The 
extremes cases of pure dip-slip and pure strike-slip are shown and the 
curves are general i.e. the sense of slip is not known. If the sense of slip 
is known then the area of each graph can be reduced. The white portions 
of the graphs are areas in which the R values (Test 1 and 2) and 
orientations of Y (Test 3 and 4) are compatible with the observed fault 
slip sense.
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modification 1 will be shown, in addition to plots of the fully modified analysis.

Figure 8.14b shows YR curves plotted from published data (Angelier, 1979, 

Table 8.2) which have experienced only one phase of dominantly normal 

displacement. Even though the assumption of one vertical principal stress is not 

assured, the tensorial analysis of Angelier (1979) concludes that Gj does not deviate 

more than 10° from vertical. The YR curves of Simdn G6mez (1982, 1986) show 

principal knots within both the compression and extension fields, which is clearly 

impossible. The compressional knot is a result of the lack of discrimination in the 

process. The new version (Fig. 8.14b) shows only one knot (y=190-240,R=10) in 

the triaxial extension field which is within +/- 10° of the orientation of g 2 (the 

maximum horizontal stress, Fig. 8.14a) computed by Angelier (1979). The error 

probably arises because only part of the data set (12 faults) has been used (Table 

8.2).

Computation.

The Fortran 77 program "YRPROG" (Appendix 3) was written to perform 

these calculations and draw the Y/R graphs for free-formatted data. The interval of 

a y is specified interactively, as in the flow diagram in Fig. 8.15. In order to plot 

the R values within a finite graphic interval the function;

R" = N - (N/(R+ 1)) (8.16)

was used to convert the interval R = 0,®° to the interval R = 0,N where N is some 

integer (in this case 1000) chosen for scaling purposes (Sim6n G6mez, 1986). The 

value of R in this case is not the same as the value of R* quoted by Etchecopar et 

al. (1981): R=(oz-ox/o y-Gx) is only identical to the relationship R*=(o2-03/o r G3) if 

g 2=g2. If GZ=G! then R = l/R \ R is only identical to the relationship R**=(g1-g3/g2-g3) 

used by Angelier (1979) if o z=0!.

Once intersections have been isolated from within the Y/R plot, their validity 

can be tested by applying the right trihedra method of Lisle (1987) to the faults 

which form the intersections. If the faults are of the same phase and their observed 

slips correspond to the same stress tensor, then the method should show a 

probability maximum of 100%, which is horizontal and parallel to the "y" direction 

of the Y/R intersection, or vertical in the case of triaxial and radial tension stress 

regimes.
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Table 8.2 Fault slip data used for testing the method (taken from 
Angelier, 1979)

Figure 8.14a The result of the complete tensorial palaeostress analysis of 
Angelier (1979) applied to the above data. The R value is the reciprocal 
of that quoted by Angelier (R** = o2 - - a 3) so that it is equivalent
to that used in the YR analysis (R = a z - ox/a y - a x).

Figure 8.14b Palaeostress analysis of the same data using YRPROG. Note 
the orientation of Y is within the margins of error of that computed by 
Angelier however the value of R is too low. This is most probably 
because only a sample of the data (12 of 38 faults) was used.



Fault slip data from Neogene rocks 
Central Crete, Greece (from Angelier, 1979)

Fault
number

Dip Azimuth Plunge 
of striae

Strike slip 
sense

Dip slip 
sense

1 61 135 59 sinistral normal
2 59 126 57 dextral normal
3 80 360 57 sinistral normal
4 68 322 65 sinistral normal
5 63 315 60 sinistral normal
6 88 020 59 sinistral normal
7 78 344 62 sinistral normal
8 60 136 59 dextral normal
9 61 347 60.5 dextral normal
10 56 157 55.5 sinistral normal
11 70 139 30 dextral normal
12 50 306 49 dextral normal
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R
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FLOW DIAGRAM FOR PROGRAM YRPROG TO EVALUATE 
PALAEOSTRESS TENSORS FROM FAULT DATA

Create data file 
using program PGDAT

Dim ension variables

Read interval of Y identified  
using m onophase m ethod i.e ROMSA 
and the step interval for the 
calculations (both user specified)

Convert angles (degrees to radians)

Convert p lunge of striations to pitch 
and m ultiply by the d ip sense of slip  

( +1 or -1)

DEXTRAL SINISTRAL

DIP SLIP
Remove incompatible 
directions of Y

Remove incompatible 
directions of Y

Calculate R for 
remaining Y 
directions

Calculate R for 
all directions 
specified

Calculate R for 
remaining Y 
directions

Set up graph plot

NORMAL REVERSE

PURE STRIKE SLIP

Plot all points

- Y E S -----

Read data

Set arrays to 0

Plot only points 
with R < +1

Plot only points 
with R > 0

Do you w ish to zoom  in 
or expand the plot?

Is the fault normal 
or reverse or pure 
strike slip?

Is the fault dextral or 
sinistral or neither (i.e. 
dip slip)

NO

END OF PROGRAM

Figure 8.15 Flow diagram for the formulation of program YRPROG (See 
Appendix 3 for FORTRAN code).
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CHAPTER 9

THE ANALYSIS OF FAULT POPULATIONS

9.1 INTRODUCTION

Data were collected from 8 localities (Fig. 9.1) to investigate Tertiary stress 

developments in structural zones 3-7 (see Ch.2). Zones 1-2 (Sierra Menera & 

Alustante) were not sampled due the scarcity of faults with striations. After, the 

sequence of stresses are calculated, events with similar orientations of Y will be 

correlated from locality to locality. These major stress events can then be related to 

a chronostratigraphic scale, by using published dates for the major structural 

developments throughout the range. Changes in the stress tensor from locality to 

locality will be discussed in the light of known changes in the pre-existing basin 

structure to determine the effect of profound heterogeneities of rocks on stress 

distributions. Finally, the conclusions will be used to investigate the sequence of 

development of the large scale fault structures, by employing a simple stereographic 

technique.

Throughout the analyses, the size of the boxes drawn around intersections 

(knots) on the YR plots is a measure of the confidence in the interpretation and an 

abbreviation is used in the text such that 060, 5 represents the intersection at Y = 

060°, R = 5. On diagrams showing stress tensor sequences, the shape and 

orientation of the stress ellipsoid is shown only schematically. Its exact shape and 

orientation of a y can be read off the R and Y axes. The key to symbols for all 

plots of fracture poles is shown in Fig. 9.2b.

9.2 SIERRA DE ALBARRACIN (79006475)

110 Faults were recorded from Liassic rocks of the Cortes del Tajuna 

Dolomitic Breccia Formation and the Imon Stratified Dolomite Formation, 

immediately west of the road tunnel at Albarracin. Thirty five of these showed well 

developed slickenside striations. The locality is at the western margin of a zone of 

strike-slip faults which are considered to have originated from movement on a 

deeper basement fracture (I.G.M.E., 1983). Movements on this fault are expected to 

have produced some reorientation of the regional stress tensor and the investigation 

of this change is one of the aims of this analysis.

9.2.1 Direct Analysis of the Fractures (Figs. 9.2a & b).

In chapter 7.3, the fractures were related to the large scale structure of the
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Location map of fault  
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L i n e a m e n t s

Figure 9.1 Location map of the fault population data sets.
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fault zone and were subdivided into two sets that could be explained by movement 

above a buried basement fault. Nevertheless the senses of the faults within these 

two sets were complex and could only be explained by a reversal of movement on 

the basement fault. Local dips do not exceed 10“ so no reorientation of the data 

was required.

9.2.2 R ight T rih ed ra  Analysis, (o f Lisle, 1987)
Three main highs appear on Fig. 9.2c with plunge probabilities above 

40%: l.Vertical (48.1%, Gj on the diagram); 2. plunging 50* to 160“ (46.3%, a / )  

and 3. plunging 20’ to 110* (40.5%, a /')- A further minor high (4) occurs at 10’ to 

290’ (37.4%, a/")- The best estimates for a 2 and a 3 for each of these directions are 

also shown (Fig. 9.2c).

The four very different orientations of <7i are related by the common trend 

of their respective most probable a 3 directions and this implies that if the four 

probable Oj plunges represent a stress tensor sequence, then no rotation of the stress 

axes about the vertical has occurred. Three of the four highs on Fig. 8.2c have 

o2 and o3 stress axes which are horizontal and this is supported by the data from 

tectonic stylolites (Fig. 8.5). Axis a 3' may also be close to horizontal, if its high 

plunge is a result of interference with faults relating to maximum (1) i.e. The 

coincidence of a , with the a 2" and a / "  implies that the change from wrenching (o2 

vertical) to extension (c^ vertical) or visa versa was the result of an swap and

not an axis rotation.

The four events concluded from the plot are: (1) Extension NNE-SSW; (2 & 

3) wrench events with trending NNW-SSE and ESE-WNW and (4) NNW-SSE 

compression, a ,"  and a / "  (WNW-ESE and NNW-SSE a , highs) are well displayed 

in the stylolite plots for this location in (Fig. 8.5).

9.2.3 Y R  Analysis
Figure 9.3a shows YR plots for oblique-slip faults at Albarracin, using the 

method of Simon Gomez (1982,1986) modified to take account of impossible dip- 

slip senses of movement (modification 1). A large number of knots (representing 

possible tensors) exist especially in the intervals 020-080’ and 120-170*. These are 

greatly reduced when the sense of strike-slip displacement is taken into account and 

the impossible fields of Y are removed (Figs. 9.3b & c). Two main tensors can 

explain most of the oblique-slip movements; (a l) a pair of knots at Y = 120, R = 

0.4-1.0 (Fig. 9.3b) and Y = 300, R = 1.0 (Fig. 9.3c) relate to the same 

transtensional wrench tensor which possesses a WNW-ESE maximum horizontal
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Figure 9.2a Lower hemisphere equal area plot of fault planes and 
slickenside lineations for the Albarracin data set.

Figure 9.2b Similar plot of poles to fault planes and joints with key.

Figure 9.2c Right trihedra plot of probabilities calculated for the 
Albarracin fault slip data using program ROMS A, (Lisle, 1989), (see text 
for description).
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Figure 9.3a YR plot of the Albarracin fault data using only modification 
1 of the Sim6n Gomez (1982, 1986) method.

Figure 9.3b & c YR plots of oblique-slip faults at Albarracin using the 
fully modified method (see text for description).

Figure 9.3d YR plots of normal faults at Albarracin.
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ALBARRACIN; tensor sequence

1 0 -

extension

wrench

130 190150110 170

- 1 0 -

-P 0  j

Figure 9.4 The interpreted Albarracin stress tensor sequence.
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stress and, (a2), a knot at Y = 160, R = 0-0.1 relates to NNW-SSE uniaxial 

compression/transpression. These two directions (al & a2) are parallel to the main 

stylolitic azimuth directions and relate to probability highs a / ,a ,"  and a / "  on the 

right trihedra plot (Fig. 9.2c).

A broad scatter of intersections is also seen in the wrench regime between 

230 and 270. This is parallel to the main NE-SW direction which produced the 

folds and thrusts in the Montes Universales. Although this tensor may have 

produced slip on some faults, it did not produce any stylolitic peaks at this locality.

YR plots of normal faults at Albarracin (Fig. 9.3d) show a good intersection 

at 060, 5 indicating triaxial extension in a NW-SE direction (parallel to the strike 

of the Montes Universales).

Interpretation

Only one fault was observed which possessed more than one slickenside 

generation. Overprinting relationships indicated a change from pure strike-slip to 

reverse-oblique and lastly a phase of dip-slip. Applying this to the whole data set 

gives the tensor sequence in Fig. 9.4. The coincidence of the vertical stress axis 

through all tensors indicates that no rotation of tensors occurred about a horizontal 

axis in this region. The coincidence of the a* horizontal axes for tensors also 

indicates that little rotation about the vertical occurred. It can be concluded that the 

change in stress tensor involved relative changes of magnitudes of the stress axes 

and only slight changes in their orientation.

9.3 THE MUELA DE SAN JUAN SYNCLINAL ZONE (The hanging wall of 

the Hesperican Fault): VILLAR DEL COBO(77056456)

The data were collected from rocks of the Middle Jurassic Chelva Mudstone 

Formation, in an area of approximately 500m2 straddling the Villar del Cobo- 

Griegos road at the western margin of the flower structure (in Section 4.8.2). The 

complexity of the slips on fractures is in contrast to the structure of the zone and it 

is concluded that the observed slips relate not to the accommodation of local strain 

within the strike-slip zone, but to the regional stress tensors. The bedding dips very 

gently, so there is no need for correction of the raw data. The data comprises 

measurements of 106 fractures with at least one striation developed of which 34 

yielded determinable senses of slip.
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9.3.1 D irect Analysis o f the Fractures.
Fault planes and slickensides from the Villar del Cobo flower zone (N=227) 

are plotted in Figs. 9.5a & b. These were analysed with respect to the major 

structure in section 4.8.3 and a summary of fault sets separated is shown in Fig. 

9.6a.

Two roughly conjugate zones of strike-slip and oblique-slip faults (shown in 

black) can be distinguished with a N-S acute bisector. Of these, the NNE-SSW 

fractures most frequently show multiple phases of slip in which two dip-slip events 

are separated by one of strike-slip. Most normal fault also strike NNE-SSW but 

other randomly striking normal faults occur. Thrusts also strike NNE-SSW, but tend 

to be restricted to the centre of the zone where they accommodated rotational space 

problems (Garfunkel & Ron, 1985). Further away from the centre and within the 

area of this data set, thrust faults strike NW-SE and are southwest directed.

9.3.2 R ight T rih ed ra  Analysis.
The contoured plot in Fig. 9.6b has three main o l probability highs: the 

strongest (37.1%) is vertical with best o2 and g 3 azimuths trending 142°E and 

S232W respectively. A subsidiary probability high (30.2%) for o /  spreads between 

60° to 340-360° with g 2' and a , ' plunging 2° towards 080° and 15° to 190°. A third 

small g " high trends N030E and is horizontal but this explains only 25.7% of the 

data. a 2" and g 3" for this direction of g " plunge 30° towards 273° and 60.9° 

towards 120° respectively. The generally low probabilities suggest that there have 

been several phases of fault slip.

The vertical probability maximum (g J  is significant as there is much normal 

faulting within the zone which is of Tertiary age. However, the g 3 axis trends NE- 

SW when it should be NW-SE (i.e. perpendicular to the strike of the NE-SW 

normal faults). Alternatively, the g 3 extension direction is perpendicular to the strike 

of the buried Hesperican Fault and to a number of 2-5km normal faults within its 

hanging wall (Encl. 2 & 3, Fig. 4.1), some of which do not cut the base 

Cretaceous unconformity and may relate to the Austrican and Neokimmerian 

tectonic events. Others, such as the normal fault which forms the southwestern 

margin of the Alto Tajo Tertiary basin (Fig. 4.1), were active during the Miocene 

(Viallard, 1973).

The second high (g /)  is problematical as steep plunging g j trajectories are 

not reflected by the stylolite plot of Fig. 8.4. The steep plunge could be an artefact 

introduced by the interference on the plot between faults of different phases. 

Assuming that steep Gx trajectories are the result of interference between one
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Viilar del Cobo 
(uncorrecfed)

Figure 9.5a Lower hemisphere equal area plot of great circles of fault 
planes and slickenside lineations for the Viilar del Cobo data set.

©•

Viilar del 
Cobo

n = 283

Figure 9.5b Similar plot of poles to fault planes and joints at Viilar del 
Cobo (total data; east and west margins of zone).
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S '̂P 3. d ip slip

Figure 9.6a Summary diagram of fault sets deciphered from Fig. 9.5b.

Figure 9.6b Right trihedra plot of the Viilar del Cobo data (see text for 
description).
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horizontal and one vertical a , trajectories, the horizontal component of the 

trajectory may be qualitatively resolved by rotation of the steeply plunging a /  

towards the horizontal. An horizontal N-S a /  trajectory is possible but is not 

represented on the stylolite plot (Fig. 8.4).

The small horizontal 030* high (a "  Fig. 9.6b) is within 10* of the NE-SW 

stylolite azimuth direction in the area (Fig. 8.4). Unfortunately, at such low 

probabilities this may also be an artefact of the method.

9 3 .4  Y R  Analysis and in terpretation.
The unmodified YR plot of oblique-slip faults in Figure 9.7a, corresponding 

to the method of Simdn Gdmez (1982, 1986), shows two zones of intersections 

oriented N-S and E-W. The modified plot (Fig. 9.7b) shows less well defined zones 

but most knots occur within the wrench field. The plot of normal faults (Fig. 9.7c) 

shows a good triaxial extension knot (200, 8) reflecting an ESE-WNW extension.

Thirteen faults within the set show multiple slips and this allows the stress 

tensor change to be investigated. Four slip events can be categorized directly from 

the cross-cutting relationships between slickensides: in sequence these are 1. normal 

movement; 2. oblique-slip with a normal component; 3. oblique-slip with a reverse 

component and finally a further phase of normal movement (4), (Fig. 9.6a, see also 

Plate 4.13).

YR curves for successive slip events are plotted in Fig. 9.8a. The dotted 

arrows join curves which relate to successive slips on a plane and demonstrate a 

stress tensor change from early radial, triaxial and uniaxial extension (Y = 010, R = 

10 to oo i.e. ESE-WNW extension) through a second phase of transtension (Y =

090, R = 0.5) to a third phase of transpression at Y = 170, R = 0.1. This changed 

back to uniaxial and radial extension with no change in the direction of the 

maximum horizontal stress Y. The stress tensor sequence is summarised in Figure 

9.8b. The major horizontal stress Y trends consistently N-S for all the knots apart 

from the strike-slip knot (090, 0.5) for which it trends towards 090° i.e Gx is N-S. 

The lack of intervening knots indicates that the stress tensor change took place 

without significant rotation of the stress axes. The N-S maximum horizontal stress 

in the transpressional regime is consistent with the sinistral sense of displacement 

interpreted from the gross structure of the NE-SW striking zone (Section 4.8.3).

As the data is taken from Jurassic rocks, the earliest ESE-WNW triaxial and 

uniaxial extensional knots (Fig. 9.8b) are interpreted as relating to Early Cretaceous 

extensional and transtensional events.
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Figure 9.7a YR plot of oblique-slip faults from Viilar del Cobo using 
only modification 1.

Figure 9.7b YR plot of oblique-slip faults using the fully modified 
method (see text for description).

Figure 9.7c YR plot of late normal faults at Viilar del Cobo.
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R VILLAR.D.C-.multiple slips
c2 a2

20 AO 60 80 100 ' 1&) ' 1A0 160 180 

Y
Figure 9.8a YR plot of faults on which more than one striation was 
observed. Labels a-1 relate to faults, 1-3 indicate relative age of striations 
interpreted from cross-cutting relationships.

Viilar del Cobo: tensor sequence

10 -

extension

05-

w rench

Figure 9.8b The interpreted stress tensor sequence at Viilar del Cobo.
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9.4 THE NORTHERN MONTES UNIVERSALES (The Hesperican footwall)
At both of the localities in this section, steep dips which relate to the latest 

Savican-Estairican phase of folding and thrusting may have produced some rotation 

of the fault planes. However, the tilting was coeval with the last compressional 

event, so restoration of bedding to horizontal may satisfactorily remove this rotation 

of earlier faults, but faults relating to post-compressional Miocene extension must 

be recognised and not rotated. This has been attempted for data from El Vallicello 

and Tragacete to determine whether restoration of continuous deformation yields 

significant results. Thrust faults which formed contemporaneously with the tilting 

are problematical, but because the tilting is assumed to relate to folding ahead of a 

fault tip (Section 4.2), it may be assumed that some of the thrust faults have not 

been rotated and may be analysed directly.

9.4.1 EL VALLICELLO (78256275)
The data set was collected from a 2-300m stretch of road section northwards 

from the River Cabriel towards Masegoso. It consists of 94 fault planes of which 

59 show slickensides and 46 allow movement senses to be inferred. Six of the fault 

planes showed more than one phase of slickenside development. The strata at the 

southern end of the section dip steeply and form one limb of the Mesoneras box 

fold, which gradually shallows towards the north. The faults are developed within 

Cretaceous dolomites of the Villa de Ves, Casa Mediana, Ciudad Encantada and 

Pantano de la Tranquera Dolomite Formations and therefore slips relate to Tertiary 

stress events only.

9.4.2 Direct analysis of fractures:

Faults planes, poles and striations are plotted on stereograms in Figs. 9.9 

a,b,c & d. In the unrestored data (Figs. 9.9a & c) most faults are restricted to 

strikes between 360° and 090" within which two conjugate sets can be 

distinguished; one striking N350-025S with dextral displacements and N060-080E 

sinistral faults, giving an Gj acute bisector trending N030-055E. This direction is 

parallel to one of the main stylolitic peak directions (Fig. 8.4) and also 

perpendicular to the "Iberian" trend of the major folds and thrusts. No minor thrusts 

are seen perpendicular to this direction. Normal faults striking N030E are related to 

extension in an ESE-WNW direction and most multiple slip faults are parallel to 

this trend (Figs. 9.9c). Normal movements in most cases preceded strike-slip. After 

removal of the tilt (Figs. 9.9 b & d), the symmetry of the faults is conserved but 

many of the steep faults now have dips of 50-80*. Most common are oblique-slip
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Figure 9.9a Lower hemisphere equal area stereographic plot of the raw 
data (fault planes and striations) at El Vallicello.

Figure 9.9b Similar plot of the data corrected for bedding dip.

Figure 9.9c Similar plot of poles to the raw data.

Figure 9.9d Similar plot of poles to the corrected data.
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faults which can be divided into a N040-080E striking dextral set and a N360-020E 

striking sinistral set; the reverse of the raw data. This would seem to suggest an o, 

axis directed to N330W. Poles to thrust faults suggest a compression axis close to 

N-S. Normal faults still strike NE-SW.

9.4.3 Analysis of right trihedra.
Contoured plots of percentage probabilities for a , directions from raw and 

corrected data are shown in Figures 9.10 a & b and display low probability (35%) 

highs which are close to vertical. The uncorrected data (Fig. 9.10a) has other highs 

north and south of the vertical but no highs close to horizontal. The corrected data 

(9.10b) has a weak horizontal high at N120-300W. It is significant that the a /  axis 

for the horizontal high is roughly coincident with the vertical Oj maximum and that 

the other axes also approximately coincide. This supports the conclusion of Simon 

G6mez (1986) that the change from compression to extension involved no rotation 

of the stress ellipse.

9.4.4 YR analysis.
Figure 9.11a shows a plot of YR curves for all oblique-slip faults from the 

raw data using the unmodified method of Simon Gomez (1982,1986). The plot is 

confused and is conspicuous for the lack of concentrations of intersections. This is 

further evidence that the faults have been reoriented, so that the assumption of one 

vertical stress axis does not hold. The same plot of the data corrected for later tilt 

shows better defined knots (Fig. 9.11b). Fig. 9.11c and Fig. 9 .l id  are plots of the 

reoriented data using first only modification 1 and secondly both modification 1 and 

2. A plot of all purely normal faults is shown in Fig. 9.12a. The best knots from 

these diagrams are: (1) Oblique-slip faults; 080,1.0; 120,0.5 ( a /  of the right trihedra 

plot, Fig. 9.10b); 140,0.1; 160-200,-0.2 to -1.0 and 170,2 to 10 (o2 on Fig. 9.10b). 

(2) Normal Faults, 090-310,10 and 190,2-10 (a2 on fig. 9.10b).

Interpretation

Most intersection knots fall within the wrench field suggest a dominant 

regime of transtension, especially with directed NW-SE (Fig. 9.1 Id). The 

bunching of the knots in Figure 9.1 Id suggests a gradual reorientation of a, from 

080° to 170° coupled with a decrease in R from 1.0 to zero. Knots reflecting 

triaxial compression (R<0) are not well developed and this suggests that the value 

of g2 was always closer to a 3 than In accordance with the NNW-SSE best 

stylolite peaks in this area the best compressional knots occur in the interval
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El Vallicello 
(uncorrected) T

Figure 9.10a Right trihedra plot of the uncorrected data.

i

El Vallicello  : corrected data

Figure 9.10b Right trihedra plot of the corrected data (see text for 
description).
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Refining the raw data:

Figure 9.11a Completely unmodified YR plot of the raw data (slip sense 
not taken into account).

Figure 9.11b Same plot of the corrected data showing more pronounced 
knots.

Figure 9.11c YR plot of the corrected data modified to take account of 
illegal fields of R (modification 1).

Figure 9 .l id  YR plot of the corrected data taking into account illegal 
fields of R (modification 1) and illegal fields of Y (modification 2).
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Figure 9.12a YR plot of late normal faults at El Vallicello.

El Vallicello : multiple slips00

100 110 170

e2

Figure 9.12b YR plot of faults at El Vallicello on which more than one 
striation was observed.
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Figure 9.13 The interpreted stress tensor sequence at El Vallicello.
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Ii0-180 (NW5£)(Fig- 9.1 Id). Normal faults developed after the tilting (Fig. 9.12a) 

indicate radial extension but some indicate a knot at 170-190° reflecting triaxial 

extension E-W. This knot also shows up on the plot of oblique-slip faults and is 

responsible for the vertical maxima on the right dihedra plot (9.10 a & b).

Six faults (a-f) show multiple striations which indicate three separate slip 

events. These are plotted in Figure 9.12b but with such a small data set, all the 

knots of Figure 9.1 Id may not be represented. The 085-100 knots are well defined 

but none occur between 110 and 170°. The tensor change at El Vallicello (Fig.

9.13) is the reverse of that described by Simon Gomez (1982,1986) for the region 

of Maestrazgo to the southeast of the area. At El Vallicello, an early E-W 

extensional regime gradually passes through transtensional to N-S uniaxial and 

triaxial compression. The compressional events were responsible for the E-W 

striking thrust faults on the stereoplots of Fig. 9.9c.

The triaxial extension knot on the plot of normal faults, developed after 

tilting, has the same azimuth as the compressional knots in Fig. 9 .lid . This shows 

that the compression gave way to extension with no change in the orientation of the 

stress tensor (Fig. 9.13).

9.4.5 TRAGACETE (76206380)
The data were collected from a 500m section above the unconformity at the 

base of the Mid-Cretaceous on the Tragacete-Teruel road. The data consist of 64 

faults and slickenside lineations occurring in Turonian-Santonian dolomites which 

have been incorporated in the Montes Universales thrust belt. The data have been 

corrected for the tilt of the strata. The restriction of the faults to Cretaceous rocks 

means that Early Cretaceous deformation events are unrepresented.

9.4.6 Direct Analysis of the Fractures.
Stereographic projections of the raw data (Fig. 9.14a) exhibit no systematic 

relationships or symmetry about a vertical axis which was a characteristic of plots 

of data from flat lying locations (e.g. Viilar del Cobo). This may be a result of the 

bedding dips. The corrected data (Fig. 9.14b) is more symmetrical about the 

vertical, but slips are equally complex. The uncorrected plot of poles to faults and 

joints (Fig. 9.14c) shows thrust faults which strike parallel to the strike of the 

major structures in the thrust belt (i.e. NW-SE) and also NE-SW. These trends 

agree with the o j trajectories deduced from stylolite data (Fig. 8.4) and it is 

unlikely that they have been reoriented. The slip on most faults is oblique (Fig. 

9.14c), implying that they are not neotectonic (sensu Angelier, 1989). Most normal
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faults strike NE-SW, indicating NW-SE extension which may post-date the tilting.

9.4.7 Right Trihedra Analysis.
Figure 9.14d exhibits two main probability highs: the first, (a lt 39.1%), 

trends NE030-210SW plunging at 10° to 210°. a 2 and <J3 plunge 80* towards 030° 

and 2* towards 300° respectively. The second high, (a / ,  31.5%), plunges at 85° 

towards 270° with a /  and o 3' plunging 6° towards 204° and 8.5* towards 121*.

The stress axes for these two events, although labelled differently, appear to 

coincide, reinforcing the assumption drawn from the stylolite data that the change in 

stress regime did not involve any rotation of the axes but was an interchange of a 2 

and a,. The orientation of a 3 remained relatively unchanged, but it was never 

vertical. An event in which a 3 was subvertical must have occurred to produce the 

thrust faults. However, these are small in number compared to those possessing 

strike-slip or oblique-slip striations and would not be well represented in the plot.

The NW-SE trend of a /  is in agreement with extension directions deduced 

from Miocene-Pliocene sediments in the Catalayud-Teruel basins (Canerot, 1974; 

Vegas et al., 1979; Guimera, 1987; Simon Gomez, 1989).

9.4.8 YR Analysis.
Modification 1 applied to the rotated Tragacete data has a wide range of 

knots within the 0-180* interval (Fig. 9.15a) whereas the completely modified plot 

(Fig. 9.15c) shows an apparent stress tensor sequence from transtension (170, 0.8) 

through uniaxial compression (240 (060), 0) to triaxial compression (300,-2). The 

YR plot of late normal faults (unrotated) do not show well developed knots (Fig. 

9.15b) and this is interpreted as indicating radial extension. The YR plot of faults 

with more than one slickenside striation does not indicate such a simple stress 

tensor sequence (Fig. 9.16a). The plot indicates that the stress tensor change 

involves a clockwise rotation of the maximum horizontal stress ( a j .  This begins 

with a passage from E-W or radial extension to triaxial compression with Y 

trending towards 300°: this was followed by a change to transtension with Y 

approximately N-S (see Fig. 9.15c). The N300W compression event is not well 

represented by multiple striations in Fig. 9.16a. Next, there is a gradual trend 

towards uniaxial compression (R decreasing) and this is correlated with the 040 

uniaxial compression knot in Figure 9.15c. The interpreted stress tensor sequence is 

shown in Figure 9.16b.
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Figure 9.14a Lower hemisphere equal area projections of the raw data 
(fault planes and striations) at Tragacete.

Figure 9.14b Similar plot of the data corrected for bedding dip.

Figure 9.14c Similar plot of poles to faults and joints.

Figure 9.14d Right trihedra plot of the corrected data (see text for 
description).
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Figure 9.15a YR plot of the corrected oblique-slip data using only 
modification 1.

Figure 9.15b YR plot of late normal faults at Tragacete.

Figure 9.15c Completely modified YR plot of the oblique-slip fault data 
at Tragacete (see text for description).
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Figure 9.16a YR plot of oblique-slip faults at Tragacete on which more 
than one striation was observed.
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Figure 9.16b The interpreted stress tensor sequence at Tragacete.
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9.5 THE SOUTHERN MONTES UNIVERSALES (Tejadillos footwall).

9.5.1 TERRIENTE (78556160)
Measurements were made of 99 fault planes, of which 30 showed 

slickensides, from rocks of the Chelva Mudstone Formation (Middle Jurassic), the 

Alatoz Dolomite Formation (Cenomanian) and the Villa de Vez Dolomite Formation 

(Cenomanian) at La Pena del Buitre (78556160). The strata form the SW dipping 

limb of a NW-SE syncline which passes along the strike to the NW into the zone 

of facing confrontation in the Montes Universales. The exposures are also close to 

the outcrop of an elongate diapir in Muschelkalk and Keuper strata and this may 

have complicated the deformation. The strata dip between 30 and 60°SW and dip 

was restored for faults generated before the tilting.

9.5.2 Direct analysis of the fractures
Most of the planar fractures strike E-W or ESE-WNW and displacement is 

oblique with a component of dextral slip (Fig. 9.17a, b & c). N-S and NNW-SSE 

faults show sinistral offsets. Faults with dominantly reverse displacements (n=4) 

strike NW-SE, but one strikes NNE-SSW. Faults with dominantly normal 

displacements strike ESE-WNW and are associated with the majority of the hackly 

fractures (extension joints).

9.5.3 Right Trihedra Analysis
Two main Oj probability highs occur on the right trihedra plot (Fig. 9.17d); 

Gj (55.4%) plunges 55’ to 030° and a /  (50.0%) plunges 60° to 26°. Other minor 

(>40%) highs plunge 20° towards 070, 20° to 100 and 10° to 290. The last two 

form part of a band of >40% highs trending ESE-WNW with variable plunge (c").

The steeply plunging and a , ' highs do not agree with the 

stylolite data (Fig. 8.4) which indicate that one of the axes was always vertical.

This variation from the vertical may be explained either by interference between 

faults of different phases on the plot (i.e. as at Albarracin), or by the erroneous 

correction for bedding dip, if the main and o /  highs relate to faults which post

dated the tilt.

The (*! maximum relates to extension in an ESE-WNW direction and the o /  

high relates to a wrench regime (o2' vertical) in which the maximum horizontal 

stress was NNE-SSW.

The directions of the a 3 and o 3' axes coincide, indicating again that the 

change from Oj to a /  (wrench to extension) involved no rotation of the stress axes
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Figure 9.17a Lower hemisphere equal area stereographic projection of the 
raw data (fault planes and striations) from Terriente.

Figure 9.17b Similar plot of the data corrected for bedding dip.

Figure 9.17c Similar plot of poles to faults and joints corrected for 
bedding dip.

Figure 9.17d Right trihedra plot of a , probabilities for the corrected 
Terriente slip data (see text for description).
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Figure 9.18a YR plot of the Terriente data using only modification 1.

Figure 9.18b & c YR plots of the Terriente data using the fully modified 
method.

Figure 9.18d The interpreted stress tensor sequence at Terriente.
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about the vertical. The minor ESE-WNW (a,") horizontal highs have a 3 plunging 

25° to 200°, indicating a wrench event (o2 vertical) which correlates well with the 

observed stylolite trends (Fig 8.4).

9.5.4 YR Analysis.
Using modification 1, six knots can be identified within the Y interval 0-180 

(Fig. 9.18a). With the fully modified technique, these reduce to four (Fig. 9.18b & 

c): 035-215,0-0.1 ( a /  on the right trihedra plot, Fig.9.17d); 050,-2.0; 110-290,0.8- 

1.0 (o ^  on Fig. 9.17d) and 160,0.7. These correlate well with the Gj maxima on 

the right trihedra plot (Fig. 9.17d), apart from the main Oj maximum (vertical) 

which is not represented.

No faults showed multiple slips at this locality, so the stress tensor sequence 

cannot be directly determined. However, from the right trihedra analysis (Fig.

9.17d) it appears that the ESE-WNW extension event (a x vertical) and the NNE- 

SSW (Gj) wrench event both post-date the tilting of the strata. The Y=110-290,

Y= 160-340 and the Y=050 events predate, or were contemporaneous with, the tilt 

and may represent a gradual stress tensor sequence (R=l.0-0.8, R=0.7, R=-2.0 

respectively). In common with Albarracin, the a 3 axes coincide for all maxima 

which post-date the principal compression (i.e. tilting of the strata). This indicates 

that the change from compression to extension involved no rotation about the 

vertical. The proposed stress tensor sequence is summarised in Figure 9.18d.

9.5.5 ZAFRILLA (77906140); 15km to the SE
58 Faults, of which 8 showed slickenside lineations, were recorded from 

Mid-Cretaceous strata (Huerguina Limestone Formation, Barremian) at Canada de 

Salinas on the road from Salinas del Manzano to Zafrilla. The strata are complexly 

faulted at the junction between the Montes Universales folds and thrusts and around 

an ENE-WSW diapir of Middle Triassic rocks between Cahete and Salinas del 

Manzano. The strata dip only 15#SW, so it is not necessary to remove the effects 

of tilting.

9.5.6 Direct Analysis.
The majority of the faults strike between ENE and ESE, with either dextral 

of thrust displacements (Figs. 9.19a & b). Most of the joints are hackly and also 

strike in this direction which is parallel to the trend of the Canete-Salinas diapir. 

N.B. Right trihedra analysis was not attempted for this location due to the scarcity 

of the data.

268



Figure 9.19a Lower hemisphere equal area stereographic projections of 
fault planes and striations at Zafrilla.

Figure 9.19b Similar plot of poles to faults and joints at Zafrilla.

Figure 9.19c YR plot of the Zafrilla data using only modification 1.

Figure 9.19d YR plot of the Zafrilla data using the fully modified
method.

(N.B. the paucity of the data limits the conclusions that can be drawn. 
See text).
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9.5.7 YR Analysis
Two principal knots occur on the YR plot (Fig. 9.19c), using the analysis of 

Sim6n G6mez (1982), but one of these (090,1.0) disappears on the modified plot 

which shows only poorly constrained intersections (Fig. 9.19d):165,0.1; 220,1.0 and 

270-320,negative.

None of these knots are in agreement with those at the previous location 

15km to the northeast, but the 270-320* compression direction agrees with that for 

one of the main stylolitic azimuth orientations (Fig. 8.4). The paucity of the data 

means that no firm conclusions can be drawn. However, the change in deformation 

style and the parallelism of the structures with the Canete-Salinas diapir suggests 

that the presence of the diapir has had a strong modifying effect on the regional 

stresses.

9.6 THE CANETE SYNCLINAL ZONE (The Tejadillos hanging wall)

9.6.1 EL CUBILLO (78606095)
96 Fault planes, of which 13 showed slickenside lineations, were measured 

in Liassic rocks of the Cuevas Labradas Dolomite Formation on the road section 

from Salvacanete to El Cubillo. This section lies on the eastern margin of the broad 

syncline of La Muela (Encl. 2 & 3, Fig. 9.1) and the strata dip 25° SE. The 

coincidence of outcrops of Middle and Upper Triassic strata with normal faulting 

around the margins of this structure suggests that diapirism may be a significant 

source of local stresses.

9.6.2 Direct Analysis
Figures 9.20 a & b show two conjugate sets of fractures striking NE-SW 

(dominantly sinistral) and NW-SE (sinistral and dextral) giving an acute bisector 

(possibly a j  close to N-S. The majority of the observed slips are oblique-slip with 

a component of normal movement (Fig. 9.20b).

9.6.3 Right Trihedra Analysis
One maximum (72%) plunges 55° towards 250° (Fig. 9.20c). o 2 trends 

S165E and is horizontal, but both Gj and a 3 have high plunges. Removal of the 

slight tilt of the strata does not bring one of the stress axes towards the vertical, as 

suggested by data from tectonic stylolites. The tilt of the axes may be a result of 

stress modification by diapirism of Triassic strata.

270



9.6.4 YR Analysis

The modification 1 YR plot of oblique-slip faults (Fig. 9.21a) shows two 

zones of knots at 040° and 130° which lie in the wrench field. On the fully 

modified plot of the same data (Fig. 9.21b), the 130° knot disappears. The two R=1 

knots are equivalent and relate to uniaxial extension with a NE030-210SW axis of 

maximum horizontal stress (i.e. a NW-SE extension). Compressional knots are 

poorly developed, but three curves are in close proximity in the triaxial field 

(between 210 and 270°). The curves for late normal faults (Fig. 9.21c) show 

bunching only in the 030-060* interval and the R value is variable (uniaxial-triaxial 

extension).

All the resolved stress tensors at El Cubillo have a common NE-SW trend 

of their axes of maximum horizontal stress, indicating that rotation of the stress 

tensor about the vertical has occurred only during the change from transtension to 

compression. The proposed sequence is shown in Fig. 9.2Id. One fault with two 

slickenside lineations indicates that extension preceded strike-slip. No faults 

apparently relate to the NW-SE compressional phase, seen in localities north of the 

Montes Universales. This phase had only a weak effect further to the south and this 

is reflected in the stylolite plots (Fig. 8.4).

Within this area, the assumption that one principal axis of stress remains 

vertical may not be valid (i.e Figs. 9.20c). Since this assumption forms the basis of 

the YR analysis, the plots in Figs. 9.21a & b may be spurious. However, the close 

correlation between the NE-SW compressional curves and the major NE-SW 

stylolite direction suggests that, in regions where o vertic>1 deviates < 30*, reasonable 

tensors may still be discriminated.

The cover deformation in the Canete synclinal zone is complicated by both 

diapirism and the reactivation of basement lineaments. The effect of these is to 

locally reorientate the regional stress tensor. The effects of diapirism in the Montes 

Universales become more apparent further southeast along strike (i.e. Zafrilla).

9.7 THE SERRANIA DE CUENCA

9.7.1 CAMPILLOS SIERRA (76656128)

57 Faults, of which 9 showed slickenside lineations, were recorded from 

Liassic (Cuevas Labradas Dolomite Formation) and Dogger (Chelva Mudstone 

Formation) strata on the road section between Campillos Sierra and Valdemoro 

Sierra (Encl. 2 & 3, Fig. 9.1). The section was chosen to pass through a network
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Figure 9.20a Lower hemisphere equal area projection of fault planes and 
striations from El Cubillo.

Figure 9.20b Similar plot of poles to faults and joints.

Figure 9.20c Right trihedra plot of the fault slip data at El Cubillo (see 
text).
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Figure 9.21a YR plot of the El Cubillo data using only modification 1.

Figure 9.21b YR plot of the El Cubillo data using the fully modified plot.

Figure 9.21c YR plot of late normal faults at El Cubillo.

Figure 9.21d Interpreted stress tensor sequence at El Cubillo (see text for
description)
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of NNE-SSW normal and strike-slip faults that are believed to relate to movements 

on a NNE-SSW buried basement fault.

9.7.2 Direct Analysis.
The stereoplot of poles to fractures in Figure 9.22b can be divided into two 

fields based on the morphology of the fractures. Most planar fractures (including 

those with two phases of slip) strike NNE-SSW, parallel to the major faults which 

make up the zone (see enclosures 2 & 3). These are interpreted as Riedel and p 

shears. Hackly fractures show a wider variation in strike, between ENE-WSW and 

ESE-WNW, and are interpreted tentatively as either antithetic R' shears or domain 

bounding fractures which allow block rotation and extension parallel to the strike of 

the zone. Dextral and sinistral displacements occur on faults in both fields and most 

are steeply dipping.

9.7.3 Right Trihedra Analysis
One Oj maximum (87.5%) trends 170-350 and is horizontal (Fig. 9.22c).

None of the principal stress axes are vertical, but on removal of the southwesterly 

dip, o 2 approaches vertical indicating a wrench regime.

9.7.4 YR Analysis
The YR method of Sim6n Gomez (1982) shows possible knots at 020,1.0 

and 110,0.1 (Fig. 9.23a), but these both disappear in the modified plot. The lack of 

YR knots in Fig. 9.23b and the separation of the curves into two distinct zones 

indicates that the fault slips did not occur in response to regional tectonic stresses. 

This is further evidence that the observed slips were a response to strains developed 

above a reactivated basement fault

9.8 GENERAL CONCLUSIONS OF THE MICROSTRUCTURAL STUDY
A summary of the stress tensor sequences for each of the regional tectonic 

zones is shown in Figure 9.24. The timing of the NW-SE and NE-SW compression 

events is well constrained from studies of syn-tectonic sedimentation (see Ch. 4) 

and can be related to published stress determinations from other parts of the ranges, 

(see Ch.8). Five main phases can be distinguished:

1. An Early - Middle Cretaceous extension, restricted to the locations 

north of the Montes Universales. E-W triaxial to radial extension is seen at Villar 

del Cobo, El Vallicello and Tragacete. This possibly relates to the initiation of 

diapiric activity in the Hesperican hanging wall (see Ch. 4).
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Figure 9.22a Lower hemisphere equal area stereographic projections of 
fault planes and striations from Campillos-Sierra.

Figure 9.22b Similar projection of poles to faults and joints from 
Campillos-Sierra.

Figure 9.22c Right trihedra plot of the Campillos-Sierra data (see text).
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Figure 9.23a YR plot of the Campillos-Sierra data using only modification 
1 .
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Figure 9.23b YR plot of the Campillos-Sierra data using the completely 
modified plot (N.B. the paucity of the data limits the conclusions that can 
be drawn).
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2. An Early - Middle Eocene NW-SE compression, restricted 

mainly to the Montes Universales where a wide variety of regimes indicate 

pronounced stress heterogeneity (transtension at Zafrilla and Terriente in the south, 

triaxial and uniaxial compression at El Vallicello and Tragacete in the north). This 

orientation of Y at Albarracin also appears as a NE-SW uniaxial extension.

3. A Late Eocene - Early Oligocene, N-S to NNW-SSE strike-slip 

(Pyrenean Phase) is seen throughout the area, but the regime changes from north to 

south. North of the Montes Universales (Alb. & Villar D.C.) the tensors are 

transpressional, but change to transtensional to the south (El Cubillo & Zafrilla). 

Localities within the Montes Universales zone show a range of tensors reflecting 

once again heterogeneity of stresses (triaxial compression at El Vallicello, ENE- 

WSW uniaxial extension at Tragacete and strike-slip (R=0.5) at Terriente).

4. A Late Oligocene - Early Miocene NE-SW compression 

(Savican-Estairican Phase) is observed in the Montes Universales (transpression- 

uniaxial compression at Tragacete, triaxial compression at Terriente), but not to the 

north. Triaxial compression with this orientation is also observed in the Canete 

synclinal zone at El Cubillo.

5. A NW-SE triaxial extension (Rodanican Phase) south of

the Montes Universales zone changes to radial extension in the zone itself and to 

E-W & ENE-WSW triaxial extension to the north (Rodanican Phase).

9.9 EVOLUTION OF THE BASEMENT FAULTING

The simple graphical technique of Wallace (1951) for displaying the 

changing orientation of maximum shear stresses in three dimensions, relative to 

changes in R, can be used to investigate whether observed slips on major basement 

lineaments can be explained by any of the stress tensors derived above. As a 

further constraint, a simple frictional sliding criterion (Admonton’s Law) can be 

applied to see if failure on the plane is possible for that orientation of stress axes. 

The Wallace {op. cit.) construction was explained in Ch. 1 and the stereographic 

projections of regions in which failure can occur for different values of 

(approximately equivalent to R) are taken from Jaeger & Cook (1979), p72, (see 

also Ch. 1). The regions calculated are for o 3 = 0.1.a „  p., = 0.67 and in all cases a 2 

is vertical, so the diagrams can test slips within the wrench regime from uniaxial 

extension to uniaxial compression. This is particularly applicable to the basement 

faulting in the study area, which is dominantly strike-slip. The main basement faults 

considered are:

1. NW-SE subvertical faults such as the Albarracin and Pozondonfault
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zones where the first slip is sinistral and the second dominant slip is dextral.

2. NE-SW subvertical faults in the Sierra Tremedal, possibly in the Villar 

del Cobo zone and the early movement on the Campillos-Sierra zone (sinistral).

3. NE-SW subvertical faults such as the Los Pincharles fault and the main 

movements on the Campillos-Sierra fault (dextral).

4. N-S subvertical faults in the Sierra Tremedal (dextral)

5. E-W subvertical faults such as the Gea de Albarracin-San Bias lineament 

(dextral)

6. N-S and NW-SE faults dipping 60°W and SW such as the Sierra 

Carbonera fault (reverse slip with a small dextral strike-slip component).

The analysis was carried out by constructing diagrams of shear stress 

trajectories for each value of g^ g , (i.e. R) interpreted from the YR analyses. These 

were rotated to the corresponding orientation of Y, relative to the north-south 

reference frame. Poles to major basement faults were plotted on diagrams on which 

the Ga/o, values relate to the R values interpreted from intersections on their nearest 

fault population analyses. It is necessary to find the combination of Y and R which 

best reproduces the observed direction and sense of shear on each fault and which 

satisfies the sliding criterion. Once this is found the relative ages of the basement 

fault movements follow directly.

Fig. 9.25a & b shows the results of this analysis. Early sinistral (slightly 

normal) slip on the basement fault underlying the Albarracin cover fault zone (1) 

and dextral movements on the E-W Gea de Albarracin-San Bias lineament (5) relate 

to the early Eocene (NW300-120SE trending) strike-slip tensor (R=0.4) observed in 

the Albarracin fault population study. The main dextral movements on the 

Albarracin fault zone (1) and the sinistral movements of the NE-SW Sierra 

Tremedal and Villar del Cobo faults relate to the late Eocene N-S to NNW-SSE, 

R=0-0.2 transpressional tensor. This is in agreement with the results of the 

geometrical analysis of Ch. 7.3 which also suggests a dominantly transpressional 

origin for the Albarracin zone. Faults 3,4 and 6 cannot be related to any of the 

strike-slip tensors concluded from their nearest YR analyses and can only relate to 

the main compressional tensor directed NE-SW. It is notable that this tensor is not 

represented in the YR plots or stylolite plots from the analysis closest to the Sierra 

Carbonera reverse fault (Albarracin). This reinforces the conclusions of Chapter 5 & 

6 that the cover deformed relatively passively in regions outside the Montes 

Universales and that compressional stresses were transmitted largely in the 

basement.
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Figure 9.25 Stereographic plots of sheaf stress trajectories for different 
values of c 2/ o l (approx = R) for o 3 = 0.1.o x overlain by failure regions 
calculated from t  = (|l,=0.67) taken from Jaeger & Cook (1979)
stippled. Numbered circles are poles to major basement faults described in 
the text. On both plots stress trajectories parallel to the perimeter indicate 
strike-slip with the sense given by the arrows (viewed from the centre of 
the plot). Stress trajectories parallel to the two semi-axes of the circle are 
dip-slip. The orientation of die main horizontal principal stress (a,) is 
given by the dark arrows. The diagram shows which of the stress tensors 
interpreted from the analysis of the britde mesofaults gave rise to the 
observed slip on the major fractures.
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CHAPTER 10

STRUCTURAL HISTORY AND CONCLUSIONS

10.1 MESOZOIC-TERTIARY STRUCTURAL HISTORY
Extension during the Permo-Triassic reactivated NW-SE, N-S and NE-SW 

late Hercynian strike-slip fractures and D2 thrusts as normal faults, segmenting the 

Iberian crust into a series of half grabens, horsts and roll-overs which controlled the 

distribution of sediments. Regions, such as the Montes Universales and the Sierras 

Nevera and Tremedal, persisted as highs throughout the Mesozoic platform 

carbonate sedimentation. The present region of the Montes Universales was 

characterised by thinned sequences and pronounced NE-SW facies changes which 

suggest that it was the site of the Mesozoic shelf margin.

During the lower Cretaceous, extensional and strike-slip reactivation of the 

basement fractures segmented the area into small rhombic basins which infilled with 

continental and shallow marine clastic sediments. Local inversions occurred along 

the line of the Hesperican Fault.

Shallow platform carbonate sedimentation returned during the upper 

Cretaceous. Diapiric flow of upper Triassic strata was initiated in the thick graben 

sequences and gave rise to complex tensional stresses in the overlying cover rocks. 

In the hanging wall to the NW-SE Hesperican Fault, normal faults in cover formed 

parallel and perpendicular to the fault strike due to outer arc extension above an 

orthorhombic grid of salt rollers. Diapiric activity was particularly intense in the 

southeast of the study area.

Compressional stresses transmitted from the Pyrenean and Betic plate 

margins first began to affect the basin during the Maastrichtian. Uplift of the 

Iberian Meseta caused a rapid shallowing of water in the basin. During the Early to 

Middle Eocene, NW-SE compression, relating to docking of the Betic microplate, 

caused some NE-SW thrusts to develop in the Montes Universales, where the cover 

was thinnest, and strike-slip deformation in the grabens. The E-W Gea de 

Albarracin-San Bias lineament (subparallel to the E-W Iberian shear zones) was 

reactivated dextrally and there was some sinistral displacement along NW-SE 

basement faults underlying the Albarracin fault zone. These stresses generated NE- 

SW striking subvertical stylolites in the study area.

At 50Ma. (Middle Eocene) the motion of Africa relative to Europe changed 

to N-S, resulting in strike-slip motion along the North Pyrenean Fault. In the Upper 

Eocene, locking of the margin and the onset of orogeny gave rise to N-S
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compression in the study area. Basement lineaments reactivated in a strike-slip 

manner and there was some minor thrusting in the Montes Universales. The NW-SE 

Albarracin and Pozondon faults reactivated dextrally producing zones of faulting in 

the cover. However, reactivation of the subparallel Hesperican fault did not occur. 

During this period, there was a marked variation in the shape of the stress ellipse 

from NE to SW of the study area. In the northeast, minor faults indicate a 

transpressional stress tensor (i.e. g2 vertical and closer in magnitude to g3 than Oj). 

In the Montes Universales, the decrease in cover thickness is accompanied by a 

decrease in the vertical stress so that here it represents a 3 and compression is the 

norm (e.g. El Vallicello). However, stress tensors in the Montes Universales are 

very variable and, locally, Gj is vertical, indicating extension (e.g. Tragacete). The 

reason for this variation is that both continuous and discontinuous deformation 

occur. Folding and diapirism may lead to very complex stress tensors. To the 

southwest of the Montes Universales, most tensors are transtensional, reflecting the 

greater overburden pressure in the thick cover (i.e. a 2 vertical) and the gradual 

decrease in the N-S compressional stress so that, compared with the stress tensors 

for areas to the north of the Montes Universales, g2 is closer in magnitude to G, 

than to g3.

In the Sierra de Albarracin, dextral shear on the NW-SE Albarracin, 

Pozondon and Hesperican Faults caused the accentuation by folding of the Tremedal 

high to form two en-echelon periclinoria; the Sierras Tremedal and Nevera. NE-SW 

and N-S basement fractures were reactivated as Riedel shears within this dextral 

system and most of the displacement (2-300m max.) occurred on the N-S fractures 

which were dextral. Doming of the Sierra Valdemeca also occurred at this time.

Pinching of the half graben fills during folding of the Sierras of Tremedal, 

Nevera and Valdemeca caused thrusting in the competent Muschelkalk dolomite 

formations which was directed away from the graben bounding faults. In the Sierra 

Valdemeca, local compressive stresses, arising from differential shortening of 

hanging wall strata during slight inversion of the Tejadillos fault, may also have 

contributed to this deformation. In all grabens, the ductile Triassic evaporitic rocks, 

which "sandwiched" the dolomite formations, deformed by pure shear during this 

initial stage of compressional deformation, but shortening was accompanied by 

lateral stretching rather than upward thickening (plane strain, o 3 horizontal) giving 

rise to boudinage of the dolomite formations parallel to the axes of the grabens.

The steep scarps of the graben bounding faults inhibited the deformation of cover 

leading to stress concentrations around the top of the fault scarps and local stress 

shadow zones at the base. Lateral variations in overburden pressure adjacent to the
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scarps resulted from the flexural resistence to compaction of beds over the fault 

scarp. This promoted diapirism in Mid-Upper Triassic strata forming anticlines in 

cover strata along the strike of the faults. These controlled the deposition of 

sediments derived from erosion of basement in the uplifted Sierras or from larger 

zones of uplifted basement at Catalayud in the Rama Castellana.

In the Upper Eocene and Upper Oligocene NE-SW compression along the 

newly sutured Pyrenean margin resulted in the emplacement of the main Pyrenean 

nappes. These compressional pulses were gradually transmitted through the Iberian 

crust and produced the main NW-SE folding and thrust faulting in the study area 

during the late Oligocene and early Miocene.

Stress concentration around the NW-SE graben bounding fault scarps coupled 

with the reorientation of the slip horizon into a favourable attitude during Eo- 

Oligocene diapirism, stimulated preferential failure of cover strata over the horst 

leading to the formation of the Montes Universales fold and thrust belt. Cover 

deformation during this phase was restricted to this region where cover was thin 

and no structures formed in the areas of thickened cover overlying the grabens.

This is possibly because the overburden pressure was too high to allow thrust 

faulting. However, NW-SE striking basement faults (locally N-S in the southern 

Sierra Carbonera), whose dip had been decreased by the Eo-Oligocene folding of 

the basement highs and isostatic uplift of the thickened lithosphere, became 

reactivated in a reverse sense leading to the complete inversion of half grabens such 

as the Sierra Carbonera and upfaulted blocks such as the Sierra Valdemeca and the 

Torres de Albarracin basement wedge. This suggests therefore, that stresses were 

transmitted in basement and relayed to the cover which deformed in a passive 

manner. Triassic decollement strata riding passively on these rapidly upthrusted 

basement blocks became gravitationally unstable and flowed away from the uplifted 

blocks causing local tectonic erosion at the base of the cover sequence and diapirs 

in Triassic rocks striking subparallel to the inversion axes. The deformation in the 

Montes Universales may be the result of gravity sliding away from the Sierra de
I
I Albarracin and Serrania de Cuenca basement zones whose uplift during the Eocene-

j  Oligocene had produced a 10° palaeoslope down which cover could be displaced on

I the weak decollement strata. Alternatively, further pinching of the half-grabens may
|
• have induced deformation of the cover by differential shortening.
i
i During the Middle to Upper Miocene, the gradual decrease in the magnitude

of the NE-SW compressional stress resulted in gravitational collapse of the orogen.

In the central and northern parts of the study area this extension was radial and

resulted in the formation of successor basins, whose orientation was controlled by
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the distribution of basement lineaments. Further to the south and southeast, tensional 

stresses, relating to rifting at the eastern margin of the Iberian plate, meant that 

extension was triaxial, with the extension direction dominantly E-W to NW-SE.

10.2 GENERAL CONCLUSIONS
(1) Pure dip-slip reactivation of faults is only one rare end member of a 

suite of reactivation modes. As the principal axes of basin forming extensional 

stresses and basin deforming compressional stresses are unlikely to coincide, some 

form of oblique-slip reactivation of faults is most likely. Quantitative analyses of 

fault reactivation in only two dimensions are therefore over simplified and cannot 

realistically be applied.

(2) The orientation of maximum shearing stress on a plane and therefore the 

slip direction depends on the orientation of the principal stress axes a ls a 2 and o 3 

and on their relative magnitudes. Palaeostress analysis of brittle microstructural data 

is a useful tool for deciphering these variables. For areas which have experienced 

multiple phases of fault movement the assumption of one vertical stress axis 

throughout deformation greatly simplifies the analysis and allows the sequence of 

stress tensors to be determined. One can derive the sequence of structural 

developments in three dimensions by relating the regional stress tensor sequence to 

observed directions and senses of movement on major faults whose ages are known.

(3) During the formation of the basin, rocks with different mechanical 

properties are juxtaposed by the action of extensional faults. During contraction, the 

lateral heterogeneity strongly effects the distribution of stresses; basement faults 

concentrate compressional stresses at the top of scarps facilitating failure, however, 

they also resist the thin skin deformation of cover over them. Lithostatic stress 

shadow zones at the base of fault scarps due to flexural resistence to compaction, 

promote flow of evaporites, uplifting the cover along the trace of the faults and 

facilitating decollement.

(4) The orientation of the axes for each palaeostress event is constant 

throughout the study area but the shape of the stress ellipse is strongly dependant 

on variations in basin structure, especially the thickness of the cover and the 

distance from the plate margin where the stress is applied.

(5) Continuous and discontinuous deformation of the upper crust occur in the 

same area. The topography of the surface separating stiff basement from elastically 

weaker cover plays an important role in nucleating continuous deformation; roll

over anticlines, tilt block shoulders and horsts, inherited from the formation of the 

basin by extension, become accentuated during compression to form highs. The
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mechanism may be compared to mullion genesis on a small scale and may 

represent the early stages of formation of large basement cored nappes, such as 

those seen in the Helvetic Alps.

(6) The style of thin skin cover deformation is strongly dependent on the 

thickness and petrology of the decollement strata. Thicknesses can only be 

estimated indirectly for many areas, but these can be estimated from restorable 

cross-sections through the deformed areas of cover.

(7) Drawing sections serially at 2.5km to maintain consistency in structural 

style was found to be a useful method of constraining structural interpretation. 

Restoration of the sections allows the spatial variation of strain and the true 

position of buried palaeofaults to be determined. From the sections, gradual 

variations of style along strike and along the line of the section could be related to 

the thickness of the decollement horizon. Thin decollements and decollements with 

a low evaporite content promoted shear failure of the cover and the development of 

imbricate thrust sequences. Thick decollements with high evaporite contents promote 

detachment folding.
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APPENDICES

APPENDIX 1

Graphic logs of Lower and Middle Triassic (Buntsandstein Facies) strata from around 
the range (see Fig. 2.13 for locations). The logs are drawn in accordance with the 
scheme of Tucker (1982).

Note: Zero thicknesses were observed at locations B and F.

APPENDIX 2

Mathematical proof of equation 8.15.

APPENDIX 3

Fortran 77 computer code for stress analysis program YRPROG.
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APPENDIX 2 - PROOF FOR THE EQUATION OF SIMON-GOMEZ (1986), 
(equation 8.15 in text)

1. B ott’s (1959) derivation of R

Assume that the principal stress axes a x, a y, a z are parallel to the co-ordinate axes 
x, y, z as in Fig. 1

The direction cosines to the plane ABC 
are 1, m, n where:

1 = cos a  
m = cos p 
n = cos y

#.1

Assuming that plane ABC is unit area then 
the stress in a given direction across the 
face is equal to the force across it: 
i.e. the areas of^O B C , a OCA andAOAB are 
1, m and n then the normal forces acting 
on each are:

l.ax, m .ay, n.az

Since the system is in equilibrium, 
the components of force acting on ABC 
are -l.ax, -m .ay and -naz acting parallel 
to the corresponding co-ordinate axes 
(Fig.l). The total resultant force on 
ABC can be found by pythagoras (Fig.2) 
such that:

r2 = a2 + b2 + c2

therefore:

F,2 = (-l a ,)2 + (-m.a )2 + (-n .a j2

m a t
l.m, n,

l,m,n

Cm.n'

r /

Fig. 2
#.2

F, = - / l 2̂ 2 + m2.ay2 + n2.az2 #.3

and the component of this force Fn, normal to a  ABC, is given by resolving Ft along 
the normal direction i.e. by multipying each term in #.3 by the direction cosine 
describing that plane:

Fn = - (l2.ox + m2.ay + n2.a z) #.4

The maximum shearing stress (force) xm„ acting along the surface a ABC can be 
calculated using pythagoras (resolving from a force parallelogram) using:
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F 2 = F 2 + x 21 t  *  n t m»x #.5
such that:

#.6

now using the relationship: l2 + m2 + n2 = 1 and substituting l2 = 1 - m2 + n2 gives:

For convenience the Z axis is considered to be vertical and the force per unit area 
exerted by the material above the plane on the material below up the line of 
greatest slope (dip component of shear stress) and along the horizontal i.e. direction 
YX (strike component of shear stress) is given by resolving #7 using the additional 
relationship:

From trigonometry the pitch of the maximum shearing stress i.e. the angle within 
the plane between the horizontal and the direction of maximum shearing stress (fault 
slip) is given by:

where (g2 - a j o y - o x) = R; the stress ratio giving the shape of the stress ellipse.

An angle of zero for 0 corresponds to a horizontal force in the direction YX i.e. 
a purely dextral displacement would occur. Positive angles of 0 represent a thrust 
component (0 - 180° measured clockwise) and negative angles (0 - 180° measured 
anticlockwise) represent a normal component.

'strike #.8

l.m.(Gy - gx)
N.B. n = cos 90° = -1 % #.9

Vl2 + m2

and from #7, #8, #9
n.(m2.(oy - gx) - (l-n2).(G2 - gx)

#.10

tan 0 =

and on substituting for xdip and xItr one gets:

#.11

n a*  - a ,
tan 0 = — . m2 - (1 - n2).

l . m

#.12
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2. An expression for R in terms of the pitch of the ax and ar axes on the fault 
plane (after Armijo, 1977).

From Fig. 1 the direction cosines 1, m, n of the normal to the plane are given by:

1 = D/Xo m = D/Y0 n = D/Zq

and one can derive expressions for the angles 0* and 0y directly using these and, 
in addition, the relationships:

c/d = D/Zo d/b = Xo/Y0 a/d = Xq/Yq

d.D/Zo D.Xo m.n
Tan 0y = c/b =  = —-  = —- #.13

d.Yo.Xo Y0.Z0 1

d.D/Zo D.Y0 l.n
Tan 0X = -c/a = - -------  =  =   #.14

d.Xo/Y0 X.0.Zo m

Inserting these relationships into equation #.12 and rearranging gives:

m2 - tan0/(n/l.m) m2 - (l.m.tan0/n)
R = ------------ —-  =   #.15

1 - n2 l2 + m2

Multiplying the numerator and denominator by (-n/l.m) gives:

-m.n/1 + tan0
r  =   #.16

-l.n/m - m.n/1

and it follows from #.13 and #.14 that:

tan0 - tan0y
r  =     #.17

tan0x - tan0y
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3. An alternative derivation for shear stress in three dimensions (after Jaeger, 
1964, pages 10-12 and 175-176).

Refer to Fig. 1. a x, a y, a z and x^ = x^, x^ = x„, x^ = Xy, are the stress 
components acting on a cube bounded by axes x, y, z and experiencing no 
rotational torque.

Consider the stresses on the plane ABC.

If the area of the plane ABC is p then the areas of triangles OAB, OAC and OBC 
can be found by mapping the normal to triangle ABC onto the normals to each of 
triangles OAB, OAC and OBC i.e. multiply by the direction cosine to D from that 
normal.

OAB = p.n OAC = p.m OBC = p.l #.18

The components of stress across each of these faces in the direction of the axes Ox, 
Oy and Oz (px, py, pz) can be found by resolving the equivalent forces (i.e. for px; 
normal force on OBC, shear forces on OAC and OAB):

Total force p.px = a x.p.l + x^.p.m + x„.p.n #.19

Divide through by p:

Px = ctx-1 + x^.m + x^.n #.20

It follows for each of the other directions:

py = a y.m + xxy.n + x^.l #.21

pz = a z.n + x^.l + x^.m #.22

These define the stresses acting in directions OX, OY and OZ but are only 
indirectly related to the stresses acting on the surface of the plane. To calculate the 
dip and strike component of shear stress on the plane one needs to resolve these 
components. Choosing two new directions on figure 1; a) parallel to the maximum 
dip of the plane (direction cosines T,m',n') and b) parallel to the strike of the plane 
(1",m",n") one can resolve these in a similar way to the areas in #18 by multiply 
the total stresses along each of the axes by its corresponding direction cosine:

x' = l'.px + m'.py + n'.pz #.23

x' = 11'. a x + mm'.cjy + nn'.az + (mn' + m 'n ) ^  + (nf + n'O.x^ + (lm' + l 'm ) ^

#.24

x" = 11". a x + mm".ay + nn".az + (mn" + niYO.x^ + (nl" + l"n).xxz + (lm" + P'itO.x̂

#.25

Now the angle \|f between lines of direction cosines 1, m, n and 1', m', n' is given 
by the relationship:
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cos \j/ = 11' + mm' + nn' #.26

If we specify the direction of the normal to a plane in terms of two angles X and 
<j) as relative to principal stresses Gx, Gy and gz in Figure 1 and assume that the 
directions 1', m', n' form another right handed system of axes within this (ensuring 
that 1', m', n ' lies in the plane EOH) then if X is the longitude of OH:

1 = sincjj.cosA. 1'= cos<}>.cosX 1"= -sinA.
m = sin(j).sinX m'= cos(J).sinX m"= cosX
n = cos<|> n'= -sin(f> n"= 0 #.27

Using these values in #.24 and #.25 the components x' and x" in the directions 1', 
m', n' and 1", m", n" are given by:

x' = sin<J>.cos()).{(Gx.cos2X + Gy.sin2X) - Gz) #.28

x" = sin<j).sinX.cosX.(Gy - Gx) #.29

Substituting in #.11 gives:

2.COS(J> Gz - Gx
Tan9 = x ^ / x ^  =   . sin2X ------------- #.30

sin2X Gy - Gx

Rearranging for R gives:

tan0.sin2X
R = s\n2X .........................  #.31

2.cos<|)
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APPENDIX 3: FORTRAN 77 PROGRAM FOR THE CALCULATION AND 
GRAPHIC DISPLAY OF YR CURVES USING GINO ROUTINES (SEE 
CHAPTER 8 FOR DETAILS).

PROGRAM  YR

Program to calculate stress ratios for faults and discriminate between 
Multiphase fault populations (based on Simon-Gomez 1982)

M AINPROG
COMMON/AA/DIP(100),AZI(100),PL( 100).NR(100)
COMMON/BB/R1(100,100),R2(100,100),J,L, YMEN, YMAX.NORE V (100) 
COMMON/CC/XMIN,XMAX,STEP,LOO 1 (100),L002(100)
COMMON/DD/PITCH (100),NN,X SC1 (90,90),XSC2(90,90), YSC 1(100), YSC2( 100) 
COMMON/EE/DIPX( 100), AZIX( 100) J*LX( 100),NSENSE( 100),NPLANE 
CALL DATIN 

2 CONTINUE
CALL RCALC 
CALL MAXMIN 
CALL PLOT 
WRITE(4,5)

5 FORMAT ('D O  YOU WANT TO ZOOM-IN? IF SO TYPE 1, IF NOT -1')
READ(1.*)ZZ 
IF (ZZ.GT.0.) GOTO 2 
STOP 
END

C
SUBROUTINE DATIN 

C Reads data from a file
COMMON/A A/DIP(100),AZI( 100),PL( 100).NR(100)
COMMON/EE/DIPX(l 00). AZDC(100)J>LX( 100),NSENSE(100),NPLANE
NPLANE=0
DO 10 1=1,100
READ(3.*)DIPX(I),AZDC(I).PLX(I)INSENSE(I).NR(I)
IF (DIPX(I).GT.90) GOTO 20 
NPLANE=NPLANE+1 

10 CONTINUE 
20 CONTINUE 

RETURN 
END

C
SUBROUTINE RCALC 

C Calculates r-values of individual faults for varying horizontal maximum 
C Compressive stress direction (specified interval)

COMMON/A A/DIP( 100), AZI( 100),PL( 100).NR( 100)
COMMON/BB/R 1(100,100),R2(100,100)J,L , YMIN, YMAX.NORE V( 100) 
COMMON/CC/XMIN,XMAX,STEP,LOO 1(100),LOO2(100)
COMMON/DD/PITCH (100),NN,XSCl(90t90),XSC2(90,90),YSCl(100),YSC2(100) 
COMMON/EE/DIPX(l 00), A Z K (100) JPLX( 100)NSENSE( 100)NPLANE 
WRITE(4,30)

30 FORMAT ('CHOOSE INTERVAL OF Y BETWEEN MINY AND MAXY AND STEP’) 
READ(1,*) MINX.MAXX .STEP 
XMIN=FLOAT(MINX)
XMAX=FLOAT(MAXX)
YLAMDA=0 
C=3.1415927/180 
DO 70 J=1 BIPLANE 
DIP(J)=DIPX(J)*C 
PL(J)=PLX(J)*C 
NORE V (J)=NR(J)
L=0
Z=0

C Convert plunge to pitch and add sense 
A=SIN(DIP(J))
B=SIN(PL(J))
PITCH(J)=ASIN(B/A)
PITCH(J)=PITCH(J)*NOREV(J)

C R calculation for dihedra 1
DO 50 K=MINX,MAXX.STEP 

C Ensure acute angle 
Z=FLOAT(K)
AZI(J)=AZIX(J)

C Remove directions cf Y which are incompatible with the sense of strike-slip 
IF (NSENSE(J).LT.0.AND.AZI(J).LT.270.) THEN 

IF (Z. LT.AZI(J).OR.Z.GT.AZI(J>+90.) GOTO 50 
ENDIF
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IF (NSENSE(J).LT.0.AND.AZI(J).GT.270.) THEN 
IF  (Z.LT.AZI(J).AND.Z.GT.AZI(J)-270.) GOTO 50 
ELSE 

ENDIF 
CONTINUE
IF (NSENSE(J).GT.O) THEN

IF  (Z.GT.AZI(J).AND.Z.LT.AZI(J>+270.) GOTO 50 
IF (Z.LT.AZI(J)-90.) GOTO 50 
ELSE 

ENDIF 
CONTINUE 
L=L+1
XSC1(J,L)=Z 
IF (AZI(J)-Z.LT.O) THEN 

YLAMDA=Z-AZI(J)
ELSE

YLAMDA=AZI(J)-Z 
ENDIF 

C Calculation of R
YLAMDA=YLAMDA*C
D=TAN(PITCH(J))*SIN(2*YLAMDA)
E=2*COS(DIP(J))
F=SIN(YLAMDA)
G=F**2 
R1(J,L)=G-D/E 

50 CONTINUE 
L 001(J)=L  

C R calculation for dihedra 2 
60 K=0

L=0
DO 65 K=MINX, M AXX, STE P 
Z=FLOAT(K)
AZI(J)=AZIX(J)

C Remove values of Y incompatible with the observed sense of strike-slip.
IF (NSENSE(J).LT.0.AND.AZI(J).LT.90.) THEN

IF (Z.LT.AZI(J>180..0R.ZGT.AZI(J>+270.) GOTO 65 
ENDIF
IF (NSENSE(J).LT.O.AND.AZI(J).LT. 180..AND.AZI(J).GT.90.) THEN 

IF (Z.GT. AZI(J)-90.. AND.Z. LT.AZI(J>+180.) GOTO 65 
ENDIF
IF (NSENSE(J).LT.0.AND.AZI(J).GT.180.) THEN 

IF (Z.GT.A23(J)-90..OR. Z.LT.AZI(J)-180.) GOTO 65 
ENDIF 
CONTINUE
IF (NSENSE(J).GT.0.AND.AZI(J).GT.270.) THEN

IF (Z.GT.AZI(J)-180..OR.2LLT.AZI(J)-270.) GOTO 65 
ENDIF
IF (NSENSE(J).GT.0.AND.A23(J).GT. 180..AND.A23(J). LT.270.) THEN 

IF (Z.LT.AZI(J)+90..AND^.GT.AZI(J)-180.) GOTO 65 
ENDIF
IF (NSENSE(J).GT.0.AND.AZI(J).LT. 180.) THEN

IF (Z.LT.AZ3(J)+90..ORZ.GT.AZI(J)+180.XK)TO 65 
ENDEF 
CONTINUE 
L=L+1
XSC2(J,L)=Z 

C Calculation of R
IF (AZI(J)-Z.LT.0.) THEN 

YLAMDA=Z-AZI(J)
ELSE

YLAMDA=AZI(J)-Z
ENDIF
YLAMDA =YLAMDA*C 
D=TAN(PITCH(J))*SIN(2*YLAMDA)
E=2*COS(DIP(J))
F=SIN (YLAMDA)
G=F**2 
R2(JJ.)=G-D/E 

65 CONTINUE 
L 002(J)=L  

70 CONTINUE 
C Count No of intervals

NN=(MAXX-MINX)/10
RETURN
END

C
SUBROUTINE MAXMIN
COMMON/BB/R 1 (100,100),R2(100,100),J.L,YMIN.YMAX,NOREV(100) 
YMIN=R1(1,1)
YMAX=R1(1,1)
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DO 90 M =1J 
DO 90 N=1,L
YMIN=AMIN1 (YMIN,R1(M,N)) 
YMAX=AMAX1 (YMAX,R1(M.N)) 

90 CONTINUE 
RETURN 
END

C Program to plot ylr data on log normal plot 
C

SUBROUTINE PLOT
COMMON/BB/Rl(100,100),R2(100,100)fJ,L,YMIN.YMAX,NOREV(100) 
COMMON/CC/XMIN,XMAX .STEP.LOO 1 (100),L 0 0 2 (100) 
COMMON/DD/PITCH( 100),NNfXSC1(90,90),XSC2(90,90), YSC 1(100), YSC2( 100) 
DIMENSION YUN(19)3(4).YNUM (5).LABEL(70)tSCA LEl(90)
DIMENSION SCALE2(90)
CHARACTER* 10 VTTTLE
DATA YUN/0.1,0.2,0.3,0.4,03,0.6,0.7,0.8,0.9,1.,2..3.,4-3-,

16..7..8..9..10V 
DATA YNUM/-10,1,0,-1,10/
DATA LABEL/1,23,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19, 

120,21,22.23.24,25.26.27,28,2930.3132333435.36.373839. 
140,41,42.43,44.45,46,47,48,4930,5132,5334,5536,573839. 
160,61,62.63,64,65,66,67,68,69.70/
J=J-1
WRITE(4,5)

5 FORMAT (’TITLE OF ANALYSIS? 10 characters only.’)
READ(1,7)VTITLE 

7 FORMAT (A 10)
N=1000.
YPMAX=FUN(FLOAT(N)30
CALL DEVBEG
CALL DEVPAP(190.,270.,1)
CALL WINENQ(IW, 1,4,B)
CALL PICCLE 
CALL PENSEL(1.0.63)
CALL CHAENQ(ITYPE.CHAWID,CHAHIG.NSIZE,AITAL,ANG)
CALL AXIPOS(0.9.*CHAWID.B(4V2.,B(4)-10.*CHAHIG3)
CALL AXIPOS(0,9.*CHAWID,B(4)/2.,B(2)-12.*CHAWID,1)
CALL AXISCA(33,-YPMAX,YPMAX,2)
CALL AXISCA(3,NN.XMIN,XMAX,1)
CALL AXIDRA(1,1,1)
CALL GRAMOV(XMEN,YPMAX)
CALL GRALJN(XMIN,-YPMAX)
CALL GRAMOV(XMIN,0.)
CALL UNBY2(-CHAWID,0.)
CALL GRAMOV(XMEN,YPMAX)
CALL MOVBY2(-3.*CHAWID,0.)
CALL CHASIZ(2.*CHAWID,2.*CHAHIG)
CALL CHAHOL(’R V )
CALL MOVT02(B(2)-6.*CHAWID,B(4)/2.-5.*CHAHIG)
CALL CHAHOL(’Y*.’)
CALL MOVT02(B(2)/2-5.*CHAWID,B(4)-3.*CHAHIG)
CALL CHAHOLCVTTTLE//’*.’)
CALL CHASIZ(CHAWID,CHAHIG)
DO 10 1=1,19 
Y=YLIN(I)
YP=FUN(Y,N)
CALL GRAMOV(XMIN,YP)
CALL UNBY2(-CHAWID,0.)
CALL GRAMOV(XMIN,-YP)
CALL UN B Y2(-CHAWID,0.)

10 CONTINUE 
DO 20 1=13 
Y=YNUM(I)
YP=FUN(Y,N)
CALL GRAMOV(XMIN,YP)
CALL MOVBY2(-5.*CHAWID,-CHAHIG)
JJ=Y
CALL CHAINT(JJ,3)

20 CONTINUE
CALL CHASEZ(CHAWID/2,CHAHIG/2)
CALL PENSEL(1,0.3,3)
d o  40 n = u
DO 30 KK=1,L001(II)
YSC1 (KK)=FUN(R1 (n,KK)3T)
IF (NOREV(II).GT.O.AND.YSC1(KK).LT.O.) THEN 

YSC1(KK)=0.
ELSEIF (NOREV(II).LT.0.AND.YSCl(KK)-GT.500.) THEN 

YSC1(KK)=500.
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ELSE
ENDIF
SCALE 1 (KK)=XSC 1 (H.KK)

30 CONTINUE
IF (LOO!(II).EQ.O) GOTO 32
CALL GRAPOL(SCALE 1,YSC 1 .LOO 1 (II))

32 KK=0
DO 35 KK=1,L002(II)
YSC2(KK)=FUN(R2(ILKK),N)
IF (NOREV(II).GT.O.AND.YSC2(KK).LT.O.) THEN 

YSC2(KK)=0.
ELSEIF (NOREV(II).LT.0.AND.YSC2(KK).GT.500.) THEN 

YSC2(KK)=500.
ELSE
ENDIF
SCALE2(KK)=XSC2(n,KK)

35 CONTINUE
IF (LOO2(H).EQ.0) GOTO 40
CALL GRAPOL (SCALE2,YSC2,L002(II))
CALL CHAINT(n,3)

40 CONTINUE
CALL DEVEND
RETURN
END

C
FUNCTION FUN(Y,N)

C Function for converting scalar values onto logarithmic axes 
AN=N
IF(Y.GE.0)THEN

FUN=AN-(AN/(Y+1))
ELSE

FUN=-AN+(AN/(1-Y»
ENDIF
RETURN
END

C
C

i
[
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