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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 décollement strata and their effect on deformation. Thin,
poorly gypsiferous regions of the décollement 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 décollement 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
décollement.

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 basement:cover interaction and the
initiation of décollement. 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
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and severely limits the application of section balancing, however, a partly balanced
crustal model is proposed based on a rheologically layered crust.

Brittle microstructural analysis leads to the inference of approximate o,
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., 1989; Powell, op. cit.) and sand-box analogue models
(Koopman ez 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



(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 ez al., 1989) of faults in the
African rift systein, 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 er 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 er al., 1986; Gillchrist er 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 er 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



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 part 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.



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. 8000km?), 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 décollement 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 décollement 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 décollement 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



directions on major basement lincaments by using a simple graphical technique and
incorporating a simple frictdonal 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 zoneé 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 ©,. 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 0,) 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 o, 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 (G, < C,)
and a reduced co-efficient of friction (4, < M;). For constant confining
pressure o, and a Navier-Coulomb failure criterion, the differential stress to
cause failure on the plane is 6,"-0,". B is the dip of the incipient fault in
fresh rock whereas 6 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 > [ since the slope of the failure line is proportional to 1 and W, < W,

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 G, and ©,.
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The uniaxial experiments of Donath (op. 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 , require increases in differential stress for failure and are
accompanied by a decrease in the optimum reactivation angle 6° (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 O between o,
and a potentially reactivated normal or thrust fault would always be large ca. 60°
and would require lower values of p, (<0.55) than the mean of 0.6-0.8 found by
experiments on crustal rocks. Altemnatively, o, 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 p, < 0.35 or G,” < 0. Vein systems
associated with a normal fault reactivated in North Wales unequivocally demonstrate
that ¢, < O during reactivation (Sibson, 1981).

In Fig. 1.1, the shear strength of the fault plane is significantly less than
values of G, and p, for unfaulted rock. A tensile o, 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 p, 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 4, are supported by heat flow and in situ shear stress
measurements along the San Andreas Fault Zone (Brune er 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 ¢,” must tend towards zero for
high angle fault reactivation to occur and differental 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 o,
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 C,") due to the existence of

asperities which must be sheared through before sliding can occur (Jaeger, 1971). In



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 ©,/c, ratio at fracture, R, and optimum
reactivation angle, 6", with changing values of y,. From Sibson (1985).

Figure 1.4 Mobhr circle and failure envelope for the case of a tensile o,.

Theoretically, faults dipping at high angles to o, 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 C, = 2.C,” but, experiments show that values of C,” are significantly lower;
0275 to 1.103 MPa (Jaeger and Cook, 1979), compared with values of G,
between 45-300 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(G + 1.0y
O, - 03 =  =ecmemmmmmmmoeoes (1.7)
(1 - p,.cotP) sin2fB ‘

where B is the angle between the normal to the plane and the o, direction.
The variation between differential stress at fracture and [ with various values of ,
and C,” are shown in Fig. 1.5. The values of Co; C,’, W, (the co-efficient of internal
friction) and p, 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 o, 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);

1 = 0.85.0, for 3 < 6, < 200Mpa (1.8)
T = 60 (+/-10) + 0.6.0, for 6, > 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 &

10



Figure 1.5 (facing page). Graphs of differential stress at failure for different rock-
types (see table 1.1 below) for the case, o, = 70 Mpa. The curved parts represent
failure on the plane and the straight parts, failure of the intact rock. Low values
of C,” and p, result in low, open curves which mean that failure on the plane is
possible over a wide range of values of 0.

Figure 1.6 (over page). Similar graphs of differential stress at failure of granite
assuming different values of o, (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, 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 C, (Mpa) C, (Mpa) H,
GRANITE (3) 191 0.3 1.4 0.64
QUARTZITE (1) 330 0.6 095 0.51
SANDSTONE (4) 442 0.276 0.5 0.42!
LIMESTONE (6) 156 ? 062 04
MARBLE (5) 189 1.103 0.7 0.75
SHALE (2) 79 0.2 0.5 0207

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 ¢, - ©, at fracture of fresh rock was calculated using the

Navier-Coulomb criterion in terms of principal stresses. From Jaeger & Cook
(1979):

‘03 w:+ D+ ) + G
O) = memmemememmm e (1.8)
((“-iz + 1)“ - p'i)

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:

o/ =50’ for ,” < 110Mpa (1.10)

o/’ =210 + 3.1.¢, for o, > 110Mpa (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 o, = 0 i.e. at the earth’s surface. The vertical
load, o,, is given by p.g.h and o, at fracture of fresh rock is correspondingly given
by the relationship ¢, = 100 + 5.0, (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 ,
(Jaeger and Cook, 1979). Where two different rock types are in contact, y, and C,’
for the weaker material were used in Eqn. 1.4. The listric profile in Fig. 1.8 is
generated by y=1/x so that the gradient at a point is given by ®/, = 1/x* and the
dip tan™ 1/x’. For simplicity, the dip of the planar fault is taken as 63° such that
tan 8 = 2. In both cases, the first fault to occur with increasing differential stress
(o,/0, 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 01/0; for failure on the plane are
increasingly more negative towards the surface i.e. 6; 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 ¢, compressive but may
reactivate at relatively low differential stresses with a tensile o, 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, is tensile (i.e. R < Q).
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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,.
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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 ©,, 0, 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 ©,, 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 ¢ to the
vertical on which the normal and shear stress vary with changing | 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 o, and o, (if o, 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 o, and o, (if o, is parallel to the x-axis) and whose radius
is proportional to 1. For constant m, o, and 7 lie on circles whose centre, c, is
halfway between o, and o, and whose radius is proportional to m. A suite of these
circles can be plotted (Fig. 1.10a) by marking off intervals of 0, ¢ 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 6 and 7y by circles of centre b.
The remaining circles of centre ¢ 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;, 0, and G, respectively. 6,
¢ and 7y are angles measured from each of these axes such that cos@ = I,
cosy = m and cos¢ = 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 T and o, 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 T and G, 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 o, and T
with ¢,, 6, and 6 in Fig. 1.9b (semicircle HFI). Normal stress ¢, is given by:

o, = %(0, + 0,) + %(0, - G,).c0s20 (1.12)
and the rate of change of o, with respect to 6 is given by differentiating:

doc,/d0 = %(o, + G,) - (0, - ©,).sin20 (1.13)
Shear stress is given by:

T = %(0, - 0,).5in26 (1.14)
and, since these are both functions of sine, shear stress is a maximum in the
direction of O 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 ¢,, 6, and G, 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 orientaton of o, and o, 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:

T=0,4 + G (1.15)
and substituting the values of ¢, and 1 read directly from the plots. As long as 1
exceeds o,.1, + C,, 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 T and o, for changing 6, ¢ and
Y (a) describe the shear and normal stress in a volume of space bounded by
the orthogonal axes ©,, 0, and ¢, 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, ¢, = ¢, but
increases gradually to case e and f in which 0, = 0,. In cases a - e, G, is
vertical but is replaced by o, 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 i1s 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 er
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 Hom and
Gliickstadt 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 er 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 er al., 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 Ibera 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.



X\ FoldAxes # Movement Vectors (of cover)
\\ Faults Hercynian Basement
“\_ Faults Inferred

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,
Barcelona; So, Soria; Za, Zaragoza. Redrawn from Viallard, (1979).
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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 er al. (1979) interpreted the
basin as an aulacogen or failed rift which formed one arm of a nft-nft-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 1o 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
(Mauauer & 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 FRAMEWORK 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 Cameros, 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.ILF, North Iberican Fault;

C.LF, Central Iberican Fault; S.IF, 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; t,,
Keuper; t,, Muschelkalk; t,, Buntsandstein; Pal, Palacozoic.
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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
Aragoén (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 palacogeography 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 décollement 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 palacogeographic 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; Meléndez-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 er al. (1974) were
commissioned by the Instituto de Geolégico y Minero Espaiia (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 .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), Meléndez (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 LG.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 menticned 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 & Teichmiiller, 1933), shown on Fig. 2.5:

1. Basement. The lowest level consists of Palaeozoic metamorphic rocks and
their mantle of Triassic sandstones.

2. Décollement. 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 disharmonically.

3. Cover. The upper level consists of dominantly calcareous Jurassic and
Cretaceous rocks which deform as a single unit above the décollement.

The area can be subdivided into NW-SE zones with similar structural styles
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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 Menera-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 1s 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 Palaecozoic 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. GR. 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

Palaecozoic material that form the Sierra Nevera and Sierra Tremedal are broad, E-
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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 Palacogene

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
stmilar 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
1km. 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 Salvacaniete (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 Palacogene sediments;
another occurs at Alto Rincén de la Rambla (G.R. 771636) and is associated with
crestal collapse of a NW-SE box fold. According to Simén Gémez (1982) and
Guimerd (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

ocCcur.

2.5.7. The Canete 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 Henaréjos

Only the northern margin of the Sierra Boniches is included in the swudy
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 nommal 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 Lépez Gémez
(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
detormed 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 er al., 1979). Geochemical analyses reveal a strongly bimodal character in the
basalts with a dominance of alkali basalt over tholeitic (De La Pefa er al., 1979;
Perni, 1980).

The general stratgraphic column for the Mesozoic and Tertiary stratigraphy
of the lberian 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 Palacozoic 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 Pérez-Arlucea & Sopefia (1986) and Pérez-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 Lépez-Gémez (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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Q_50 10 150Kkm

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
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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)
a  after Lopez Gomez (1985)
« after LG.M.E. (1978-1986)
m  after Viallard (1973)
a after Melendez Hevia (1971)

+ New Data (collected 1987 & 1988)

Figure 2.12b Data sources.
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Outcrop of Permian &
Triassic Sediments

R Palaeozoic
3  Permian 8 Triassic

o Perez - Arlucea (1985)
o Lopez (1985)
a Additional logs (See aopendu)

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, palacocurrent and stratigraphic maps is
the same throughout this chapter.
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NE-SW CORRELATIONS OF PERMO-TRIASSIC FORMATIONS

NE

SERRANIA DE CUENCA

SW

SIERRA DE ALBARRACIN

Canizar Sandstone Fm. (2 | Rillo Sandstone & Mud Fm.
Rillo Arandilla Sandstone Fm.
Alcotas Sandstone & Mud Fm. | (1 | Prados Beds
Rillo de Gallo Sandstone Fm.
Boniches Conglomerate Fm. B | Hoz Conglomerate Fm.
‘B';salABTecAcias T A ATor;on gmdstone & Si;Fm.

after Lopez Gomez (1985)

Volcano-sedimentary Complex

after Perez-Arlucea (1987)

Figure 2.14 Permian and Triassic syn-rift formations (Saxonian and
Buntsandstein Facies) defined by Pérez-Arlucea (1987) and Lépez 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 (Pérez-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 palacontological or palynological data. However, associations in
other areas suggest a Lower Permian age (Hernando er 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 (Pérez-Arlucea & Sopena, 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 (Pérez-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 Gémez, 1985, Lopez Gémez & Arche, 1986) which is
comparable with the coarse angular breccias interpreted as colluvium at Molina de
Aragén (Ramos er al., 1986; Pérez-Arlucea & Sopeiia, 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 Gémez (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 Lépez Gémez (1985) and Pérez-Arlucea (1987)
sedimentation of the Buntsandstein facies began with deposition of the Hoz de
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Correlation A Isopachytes
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Figure 2.15 Isopachytes of Saxonian facies sediments (Permian). Data
sources are indicated, see text for description.
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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 (Pérez-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 (Pérez-Arlucea, 1987; Ramos er 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 (Lépez Gémez,
1987). It is absent on the northern margin of the Sierra Valdemeca and is
represented by only 50m at Chelva (G.R. 805582), (Lépez Gémez, 1985). To the
north of Henaréjos 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 C1 of logs A-I (Figs. 2.14 &

2.16) comprise the Rio de Gallo and Rio Arandilla Formations which are
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A Moira Dion \

Buntsandstein”’ Facies Logs

of the Sierra de Albarracin

[] Sandstone and Siltstone

m Conglomerate

Permo-Triassic

Figure 2.16 Fence diagram of measured logs from around the Sierra de
Albarracin. Letters a, b, cl and c¢2 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 (I) towards the east (J).
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Correlation B Isopachytes

Buntsandstein
Conglomerates & Ssts

";l Suggested trend
/ (where hidden)

73 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/Palacozoic 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 Trassic/Palaecozoic 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 (1-2m 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 (LLog K). Note the reactivation surfaces

indicating some channel meander right to left and the graded bedding in
the channel fill.






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
wrace 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 (Pérez-Arlucea, 1987). The Rio Arandilla Formation is limited to the region
to the north of the S.Tremedal (Pérez-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). 1t is thick at Molina de Aragén (ca. 50m) but not present around the
Sierra Nevera and the west of the Sierra Tremedal. The formaton 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 1o reworking of exposed clasts from the Hoz de Gallo Formation.

According to Pérez-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 Cl1, Fig. 2.14) gradually increases in thickness NW-SE from Valdemeca
(100m, G.R.765620) to Chelva (168m, Lépez Gémez, 1985). From Boniches (110m,
G.R. 770593, Lépez Gémez, 1985) northeastwards to Canete (115m, 773603, Log
K) little change in thickness is observed. At Cafiete (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
C1 + C2, Fig. 2.14). Data sources are indicated
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Figure 2.19 Palaeocurrent directions from sedimentary structures in Lower

and Middle Trassic clastic sediments (N>20). General palaecocurrent
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). Palaecocurrent 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.



Fl



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 Lépez Gémez (1985) and this thins to 75m
at Canete (Log K). Isopachytes for the formations of correlations C1 and C2 are
shown in Fig. 2.18.

Palaeocurrents in the sandy formations (Plate 2.3b & c¢) of correlations C1
and C2 flow NW-SE perpendicular to the earlier conglomerate palacocurrents 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 décollement 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 er al., 1979).
The stratigraphical and palaecogeographical 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 er al. (1971) and more recently in Goy &
Sudrez Vega (1983) and Gémez (1979). Much of the data for Figures 2.20-2.27
comes from [.G.M.E memoires (1978-1986) supplemented by data from Meléndez
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 (Gémez,
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
environment. Marine fossils are restricted to the northwest of the ar(er{zéézfjlgling 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 palacogeographic
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
torm 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 Sellwood, 1986). In this case, the shelf break is inferred to relate to a
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Figure 2.20 Stratigraphic map of Rhaetic-Hettangian 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 Sinemurian-Carixian sediments in the
study area (see text).
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Figure 2.23 Stratigraphic map of Domerian-Toarcian sediments in the
study area (see text).
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Figure 2.24 Stratigraphic map of Aalenian-Bathonian sediments in the
study area (see text).

61




Oxfordian -Kimmeridgian |°* 79

5
.
Frias Marl Formation e E_\,

(ign.der)

o IR

km i

“.  Basin (Turbiditcs)
- . N

63

co 125
Not ubserved

(non-depositicn or
eroded beneath Nco-

) *150
Cimmerian  U/C)

Summary.
Marls with micaccous ssts

(+flutes, prooves etc.)

- . «120-..
Igncous origin of grains. : )
B e
Lmsts. (occ oolitic) with marls . B
towards top ’C

Increcase in lmst. proportion

towards SE

Facies: Shelf-basin; turbidites.

Figure 2.25 Stratigraphic map of Oxfordian-Kimmeridgian sediments in
the study area (see text).
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Figure 2.26a Swatigraphic map of Kimmeridgian-Portlandian sediments in
the study area (see text).

Figure 2.26b Schematic stratigraphic section NE-SW through the Jurassic
platform (especially Kimmeridgian-Portlandian) of the study area based on
Sellwood (1986). The position of the Hesperican Fault at the shelf break
is shown.
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Figure 2.27 Stratigraphic map of Portlandian-Valanginian sediments in the
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 Meléndez er 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 partly 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 Carete 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 Meléndez er al. (1985). The clasts are quartzo-feldspathic with
accessory tourmaline and mica indicating 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 Tertiary 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 Meléndez, (1983) to control the

distribution of Barremian-Aptian sediments to the east of Caiiete (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, Carete; T, Tragacete.
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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 Gémez, 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 5Sm of

medium-fine white sands occur (Plate 2.4b).

2.11 THE UPPER CRETACEOUS SUBSIDENCE PHASE: Megasequence S

Within the study area upper Cretaceous rocks were only locally preserved
after the Tertary 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 (Meléndez 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.



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 .G.M.E, (1986).

Figure 2.30b Mid-Upper Cretaceous Formations in the study area.
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2.12. PALAEOGEOGRAPHIC CONCLUSIONS AND THEIR RELATION TO
TECTONIC ZONES

The palacogeography of the S.Albarracin region during the Triassic i1s
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 C1). The gradual
shrinking of this source area from the start of Buntsandstein sedimentation onwards
is interpreted by Pérez-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 2.2¢). Significantly, these occur on the southern
margin of the Sierra Tremedal where Pérez-Arlucea (1987) considers no thickening
to occur. Whilst some growth faults, such as crestal collapse structures or antithetic
faults (sensu 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
(Meléndez Hevia et al., 1985; Meléndez 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 §.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 er al., 1987) and regional seismic surveys of the Celtic Sea and Cardigan
Bay Basins (Ziegler, 1987) and the Bristol Channel Basin (Brooks er al., 1988;
Roberts er 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, Lépez Gémez (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 Gémez, 1985; 1987). Palacocurrents 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 tlt block model
opposed palacocurrents 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.




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
palaecofault which controlled the deposition of the Triassic (Lopez Gémez, 1987)
and Barremian-Aptian (Nieves Meléndez, 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 décollement
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 décollement 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 décollement. Locally intense deformation of Middle and
Upper Triassic strata (Plate 3.1a) suggests décollement 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 & ES5, the length of
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points p & q, stippled) is 2.18km? 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 décollement strata on the restored section (Fig. 3.2b), thinning to the southwest.

Mesoneras

Figure 3.2a Calculation of depth to detachment for two anticlines on

section i (Encl. E4), see text. The Middle and Upper Triassic décollement
strata are stippled.

U.Cretaceous

Lias

Figure 3.2b The restored cover and décollement.

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 décollement calculations for sections
a-p (Encl. E4 & ES5), see text for description.

Figure 3.3b Contour map (maximum elevation above sea level) for the
base of the décollement 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 Meléndez (1971), (b) data from Pérez-Arlucea
(1987), (c) data from Viallard (1973). See text for description.



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 Palaecozoic 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 décollement 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 décollement 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 syncline 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 Pérez-Arlucea
(1987) and Loépez-Goémez (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
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Figure 3.5a'Pcrmo-Triassic tectonostratigraphic section across the Sierra
de Albarracin (after Pérez-Arlucea, 1987). The Keuper and Muschelkalk

are coloured.

Figure 3.5b Permo-Triassic tectonostratigraphic section across the Serrania
de Cuenca (after Lopez-Gémez, 1985). See below for NE-SW correlations

of formations.

SERRANIA DE CUENCA (Lopez-Gomez, 1985)
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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. Palacozoic 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. Thc 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 palacogeography. 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 Palacogene
intermontane basins of Alto Tajo and Valdecabriel (Fig. 4.1). Within the Montes
Universales, the depth to décollement 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.
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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 décollement level in
the Toarcien Turmiel Marl Formation (to the left of E6a). Within the main
décollement, 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 décollement 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 décollement is shown on
sections E6a & b as a planar discontinuity but the occurrence of shear structures
throughout the décollement 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 Palacogene 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).

90










































































































































































































































































































































































































































































































































































































































































































































































































































