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Abstract

The Subbetic Zone is an external, unmetamorphosed, thin skinned fold-and- 

thrust belt of Alpine age, part of the Betic Cordillera, southern Spain. Miocene 

tectonics emplaced a 2 km pile of Mesozoic and Tertiary sediments north-westward 

onto Iberia. Previous palaeomagnetic studies have revealed differential vertical-axis 

rotations of 60° clockwise or more. Palaeomagnetic and structural studies in two study 

areas were undertaken with the aim of understanding how these large vertical-axis 

rotations accumulated in this obliquely convergent mountain belt, in the context of 

structures present.

The El Chorro area, in the western Subbetic, is a 16 km  ̂structural culmination. 

Palaeomagnetic results show the imbricate thrust sequence has differential rotations 

within and between thrust sheets. It is likely folding, thrusting and rotation occurred 

close to the deformation front of the mountain belt. Vertical-axis rotation is attributed 

to a thrust sheet pinning mechanism.

The Velez Blanco area covers approximately 400 km  ̂ of the eastern Subbetic 

close to the Internal Zones. Structural analysis finds normal faults developed during 

Jurassic rifting. Rotation increases from zero to 60° clockwise from NE to SW, without 

abrupt changes across individual structures and correlates with a change in strike of 

thrust traces and stratigraphie contacts from N-S to almost E-W. This is suggestive of 

transcurrent shear in the more internal parts of the mountain belt.

Thrust faults are mostly SSE-directed, but ESE-directed thrusting is common in 

the unrotated zone, suggesting that fault lineations indicative of transport directions have 

been rotated. Combined with strike-slip partitioning it is estimated that the local plate 

motion vector was N59°W, between the Alboran plate and Iberia.

Two likely mechanisms were responsible for clockwise rotation in this region. 

1) Early rotation during thrusting accumulated though the thrust sequence. 2) 

Transcurrent shear in the internal parts of the mountain belt occurred later, and led to 

further vertical-axis rotation.
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Chapter 1. introduction: Vertical Axis rotation. Structure and

The Betic Cordillera

1.1 Introduction

Oblique convergence between tectonic plates or domains, results in combinations 

of strike-slip motion and crustal shortening in zones of subduction and continental 

collision. Studies of deformation in mountain belts, described in terms of orthogonal 

convergence of an overriding body of material over a foreland, have been carried out for 

at least 150 years. What then, can be said in particular about zones of deformation 

affected by oblique convergence in terms of their characteristic structural styles and 

kinematic evolutions? What are the implications of oblique convergence to cross section 

construction and its inherent assumptions in area balancing and extrapolation to depth?

Vertical axis rotations in mountain belts can be established using palaeomagnetic 

techniques by comparison of observed to expected remanence directions. These 

rotations, of varying magnitude, are an implication of oblique convergence. Rotations of 

blocks defined by palaeomagnetically stable components must be accommodated so that 

spatial compatibility is preserved. What is the mechanism that produces these large 

differential vertical axis rotations (>60°) and over what length scales do these differential 

rotations occur? These mechanisms might include; i) strike-slip faults, ii) thrust faults or 

iii) continuously distributed deformation.

A detailed palaeomagnetic study was undertaken in the Subbetic, part of the 

Betic Cordillera, southern Spain. The Subbetic is an external fold-and-thrust belt and is 

suitable for studying the scientific problems mentioned above as it has been subject to 

systematic clockwise vertical axis rotations, linked to the main shortening event in the 

Miocene (Allerton et a l, 1993). Furthermore, regional structural studies have concluded 

that dextral oblique convergence was the dominant feature of this shortening event.

A well-constrained structural framework is vital to a detailed palaeomagnetic 

study. This structural framework must be consistent with local structural observations 

and the boundary conditions imposed by regional tectonics. The structural study of the 

Subbetic was aimed at understanding the kinematic evolution (thrusting directions and 

thrust sequence) and the influence of a rifting event on the later shortening. The effects 

of rifting on stratigraphy and the extent to which structures inherited from Mesozoic 

rifting controlled the stratigraphy and compressional structure of the Subbetic were also 

examined.
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This chapter, by way of introduction to the problems outlined above and their 

proposed solutions, will discuss the role of vertical axis rotations in a number of 

differently deformed zones. Some of the mechanisms possibly causing the phenomenon 

of vertical axis rotation will be presented. The structure and palaeogeography of the 

Betic Cordillera, southern Spain, is also introduced and a number of different models are 

discussed to explain the tectonic evolution of the area. A summary of the literature on 

the Velez Blanco area is presented which details sedimentological and structural studies. 

Finally, terminology relevant to thrust tectonics is introduced.

1.2 Plate tectonics and distributed deformation

Plate tectonics is described by the movement of large crustal plates which are 

thousands of kilometres in width and move coherently over geological time. Molnar 

(1975) recognised that plate tectonics describes well the kinematic evolution of oceanic 

crust but does not as effectively describe the deformation of continents, which are often 

subject to intra-plate deformation over wide, diffuse zones. Different workers have 

emphasised that this intra-plate deformation can be modelled either as a series of 

interacting blocks (Taponnier et a l, 1982) or as continuously distributed deformation 

(England et a l, 1985). The latter study showed that in a continuously deforming thin 

viscous sheet, displacements would decay away from the deforming boundary over 

length scales comparable to the boundary length (Figure l.li). The width of the 

deformation zone is much larger in compression/ extension than strike-slip. England and 

Wells (1991) applied a lithospheric-scale model to the Pacific Northwest using a viscous 

thin sheet approach. They found that palaeomagnetic declinations were consistent with 

such distributed deformation. Furthermore they showed that the length-scales of 

deformation agreed with thin sheet models of such deformation.

Most deformation will lead to rotation in the Earth’s crust about horizontal 

and/or vertical axes. The stress field will cause finite strain, dependent upon the material 

anisotropy and rheology and result in a combination of pure and simple shear and/or 

body translation or rotation, as illustrated on Figure 1.2a. It is easy to use bedding to 

identify rotations about a horizontal axis, but rotation about a vertical axis is not 

detectable unless independent data, palaeocurrent data of known original direction for 

example, is available.

Instantaneous velocity fields contain information on the displacement and 

rotation rates in actively deforming zones. They may be calculated from geodetic
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(Walcott, 1978) or seismic data (Holt and Haines, 1993) using seismic moment tensors 

(Kostrov, 1974). These do not provide direct measurements of rotation, but can be 

useful as an independent estimate of rotation, and can give instantaneous estimates of 

rotation rates. Thus, there are significant limitations to the use of seismicity as it is not 

as easy to extract information on vertical axis rotation. This was illustrated by England 

and Molnar (1990) who placed maximum possible values on fault displacements in Tibet 

bringing into question the continental expulsion hypothesis of Tapponier et al. (1982), 

but had little independent palaeomagnetic data.

(i)

Tangential velocity conditions
M----------------------------H
Scale: -10 0  km

Zone of deformation

Influx boundary conditions 

After England et al. (1985)

(ii)
Up

Large vertical axis rotation

Motion orthogonal 
to fault

Motion obliqu 
to fault

Small vertical axis rotation

Fault pinned at 
this end

Scale: -5km  
< >

Thrust fault

atera! ram ps and 
local structural 
heterogeneity can  a lso  
lead to vertical-axis 
rotation.

(iii) e.g. Southern California 
Dead Sea fault

C lockw ise  
rotation

Anticlockwise
rotation

Plan view Scale; 
kilometres 
<  >

Figure 1.1. Possible mechanisms responsible for vertical axis rotations, i) in association with 

continuously distributed deformation, ii) in association with thrust faults iii) in association with strike- 

slip faults.
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Palaeomagnetism is a direct method of assessing finite vertical axis rotations. It is 

important to note that palaeomagnetic declinations only relate to rigid blocks, unaffected 

by finite strain (Figure 1.2b). McKenzie and Jackson (1983) showed how a number of 

factors must be introduced in order to relate fault movement, finite strain, crustal 

thickening and palaeomagnetic declinations. The size of blocks, the importance of the 

vorticity o f the underlying continental lithosphere and the velocity gradients within it are 

some of these factors. If the ultimate control on block rotation is flow in an underlying 

viscous fluid, and the block is circular with no pinning around its edges, then the rotation 

rate will be half the fluid’s vorticity, W. W is a constant in the analysis of McKenzie and 

Jackson (1983), which allows simple shear of the boundaries, and can be related to a 

rotation tensor (R) describing the rotation of a vector connecting two points in a rigid 

body. If the underlying fluid substrate is unimportant then the rotation rate will be equal 

to the vorticity and the block will rotate driven by forces at the edges. These two view 

points were contrasted by Lamb (1993).

Pure S h ear

Finite strain

Sim ple sh ear

Rotation

Rigid-body
d isp lacem ent

Body translation

Convergence
directionMoving margin

Rigid elliptical inclusion subject 
to cumulative rotation R

Viscous medium with 
vorticity W

Fixed margin

Figure 1.2. (a) Rotation of a m arker during deformation. Only a rigid body rotation will not produce an 

apparent rotation, (b) Rotation of a fixed inclusion in a viscous medium after Lam b (1987).
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Lamb (1987) introduced a simpler model of vertical axis rotations for rigid 

inclusions in a highly viscous fluid again illustrated by Figure 1.2b. An elliptical 

inclusion, isolated in fluid, begins motion from a variety of initial orientations with 

respect to the boundaries of the deforming zone. The model predicts the angular 

velocity of the inclusion and the effects of different ellipse eccentricities. This model is 

analogous to the tectonic zones that are deforming by a combination of compression and 

strike-slip motions.

1.3 Vertical Axis Rotation

As already mentioned, it is virtually impossible to assess a vertical axis rotation 

by classical structural techniques, as a flat bedding plane will remain a flat bedding plane 

even after it has been subject to a vertical axis rotation. Palaeomagnetism, however, 

allows the assessment of rotation about vertical axes. It is valid to use this geophysical 

technique in zones where the structure is well constrained and good reference 

palaeomagnetic data is available to calculate expected declination and inclination. The 

following sections will examine examples of vertical axis rotation which have been 

detected and the mechanisms which have been advanced to explain their occurrence.

1.3.1 Rotation in non-convergent zones

This section will discuss examples of vertical axis rotations in settings where the 

overall deformation of the lithosphere is extensional or by strike-slip. The idea that 

zones of strike-slip motion contain numerous smaller crustal blocks has been popular, 

and is illustrated on figure 1.1 iii. In southern California the predominant plate tectonic 

motion is that of strike-slip as evidenced by plate reconstructions, geological 

observations as well as geodetic movements (e.g. Jackson and Molnar, 1990). Luyendyk 

et al. (1985) presented a pattern of rotations which they attribute to the relative motion 

of an array of narrow crustal blocks bounded by strike-slip faults. These strike-slip faults 

have left and right lateral senses and are well constrained by geological and neotectonic 

observations, as well as seismic data. Similarly, Nur et al. (1989) maintained that 

rotation along the Dead-Sea strike-slip fault zone is mediated by block rotations. In their 

hypothesis of distributed fault and block rotation each block is separated by a strike slip 

fault that rotates with the block, until motion is no longer mechanically viable in the 

context of regional plate forces, and a new set of faults are initiated.

Platzman et al. (1994) concluded that rotations along the North Anatolian strike- 

slip fault were not consistent with distributed deformation although they admitted that
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the faults may not be a representative example for distributed deformation if either the 

fault displacement is low, the litbospberic motion is concentrated on one fault or block 

motions occur subparallel to the fault zone.

A model of block rotations is commonly used to describe extensional terranes. 

The domino-type model in upper crustal extensional settings is based on the assumption 

that the predominant deformation is pure shear. Continuous deformation is then 

accommodated locally by the motion of coherent blocks. This domino model gives rise 

to rotations about a horizontal axis. Block rotations are a common feature of many 

extensional sedimentary basins where bedding is systematically tilted, as in the North Sea 

(e.g. Barton and Wood, 1984). Examples of rotation about a vertical axis in extensional 

settings have been documented as well. Studies in the Aegean show that some normal 

fault blocks are rotated by up to 40° about a vertical axis (Kondopoulou et a l, 1996). 

This is probably a result of the transfer of strike slip motion from the tip of the North 

Anatolian fault onto normal faults active in the area.

1.3.2 Rotation in convergent settings

The regional principal axes of stress are different between strike slip and 

convergent terranes. For the former, the minimum axis is horizontal, whereas for the 

latter it is vertical. Woodcock and Fisher (1986) noted the similarity of map patterns in 

strike slip zones and the cross sections drawn by workers on thrust tectonics (Boyer and 

Elliot, 1982, see section ‘Thrust tectonics’ later). Just as strike-slip zones are complex 

zones of restraining and releasing bends, zones of shortening are complicated by lateral 

ramps, duplexes and lateral discontinuities. Despite this contrast, rotations about 

horizontal and vertical axes are common in mountain belts.

Cause Typical effects

Local structural heterogeneity Differential rotation summing to zero

Strike slip faulting Late differential rotation.

Thrust sheet pinning Early differential rotation.

Oroclinal bending Systematic regional rotation

Involvement of basement Differential rotation summing to zero (typically late)

Table 1.1. Simplified causes of vertical axis rotation in mountain belts discussed previously in the 

literature.

McCaig and McClelland (1992) summarised a variety of potential causes of 

rotations about a vertical axis in mountains belts. Some of these mechanisms will now be 

discussed. Those mechanisms allowing systematic vertical axis rotations in one direction
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will be distinguished from those that are balanced by rotations in the opposite direction 

elsewhere in the orogenic system. They are summarised in a simplified form on Table 

1. 1.

Local structural heterogeneity. Lateral ramps (e.g. McClay, 1992) are changes in the 

level of the footwall parallel to the direction of motion in the mountain belt. Bates

(1989) and McClelland and McCaig (1989) discussed how the motion of the hangingwall 

over a lateral ramp can lead to rotations about a vertical axis using an example from the 

Pyrennees. If the overall transport direction is orthogonal to the strike of the mountain 

belt, then the cumulative vertical axis rotations in the mountain belt will sum to zero. In 

any one place finite rotations may be detected. This illustrates the importance of making 

enough measurements in order to find the overall zero effect.

Changes in shortening style from folding to thrusting can be caused by the 

presence of pre-existing structures such as rift-related normal faults and lateral variations 

in stratigraphy. Butler (1992a,b) discussed an example of such a structural change from 

thrusting to folding in the Sub-alpine chains in the French Alps. The transition zone is 

reflected by lineations oblique to the transport direction and a linear transition from one 

style to another. Distributed shear in this transition zone could give rise to local vertical 

axis rotations. Variations in stratigraphie thicknesses across thrust sheets leads to 

different mechanical properties. This can be reflected in variations in the characteristic 

wavelength of folds that form by buckling predicted by the Biot-Ramberg law (Biot, 

1961), and hence shortening may be more easily accommodated by folding rather than 

thrusting.

Thrust faults are likely to grow by tip line propagation from a nucleus. Coward 

and Potts (1983) showed in a strain analysis of the ‘Pipe Rock’ in the Moine thrust zone 

that the lateral tips of these faults are zones of shear. This shear could give rise to local 

vertical axis rotations, but the sum of vertical axis rotation around the length of the tip 

line will be zero for a fault.

Oroclinal bending. Carey (1958) suggested that oroclinal bending is the principal 

process responsible for the arcuate nature of many mountain belts. According to the 

hypothesis, mountain belts that are formed along linear trends, such as linear boundaries 

between what are now recognised as tectonic plates, are bent into an arcuate shape at a 

late stage in the orogenic process.
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The Andes of Bolivia have an arcuate shape with a change in regional strike of 

45° (Carey, 1958) and corresponding palaeomagnetic data shows a change in vertical 

axis rotation anticlockwise to clockwise from north to south (Butler et a l, 1995). This 

bending process is thought to have occurred during the Cenozoic, although McFadden et 

a l (1995) admitted that the role of differential rotations within this process is difficult to 

assess. Platzman (1992) tested the oroclinal bending hypothesis in a study of the Betic- 

Rif arc, the most tightly arcuate orogenic belt in the world, and concluded that her 

observations were hard to reconcile with this bending processes, as palaeomagnetic 

declinations did not show the pattern predicted by oroclinal bending.

Thrust sheet pinning. Differential vertical axis rotations between thrust sheets have 

been identified in many different orogens (Bates, 1989, Channel et a l, 1990, Potts, 1990, 

Allerton, 1994, Weiler and Coe, 1997). These differential vertical axis rotations are 

identified between hangingwall and footwall units. Most authors attribute the process to 

the pinning of one end of the thrust sheet, against an obstacle, asperity or other 

heterogeneity. This obstacle might be, for instance, against the foreland. If this process 

occurs systematically each time a thrust fault is formed it is conceivable that large 

vertical axis rotations could accumulate in the internal parts of a mountain belt, if it were 

subject to oblique convergence. In understanding this process, it is important to address 

a compatibility problem whereby a geologically implausible hole or void possibly appears 

behind the hangingwall of the rotating thrust sheet.

1.3.3 Rates of rotation

Some authors have been able to constrain rates of vertical axis rotation. This can 

be done using sediments formed close to the time of rotation, or by using geodetic and 

seismic data. Table 1.2 shows a summary from the literature of these rates of rotation.

Plate tectonics is the process that eventually drives crustal deformation, but it is 

interesting to note that the estimated rate of rotation appears to increase when shorter 

timescales are considered and when the size of the study area decreases. Ultimately, the 

timescales over which vertical axis rotations occur are likely to be comparable to the 

rates of rotation about horizontal axes, as they are both orogenic processes.
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Authors Rotation Rate Tectonic
setting

Comment

Holt and Haines, 2.0° ±0.5° M y Convergent/ By earthquake data
1993 strike slip. inversion.
Weiler and Coe, Up to 90° in 1 My Convergent Local palaeomagnetic
1997 work
Jackson and 6.3° M y Strike slip Calculated from model.
Molnar, 1990
As above. 2.8°-5.3°/My Strike slip VLBI*
McFadden et a l. l.l°-5° M y Convergent Oroclinal bending
1995 (minimum)
Allerton et a l. approx. 13°/My Convergent Sierra Espuna, Eastern
1993. Betic Cordillera.
Table 1.2. Documented rates of vertical axis rotation. ‘/My’ represents ‘per million years’ *Very Long 
Baseline Inferometry.

1.3.4 Analysis

In summary, the mechanisms by which vertical axis rotations occur can be 

generally divided into three groups illustrated on Figure 1.1; although these are 

endmembers and most terrains will be affected by combinations of these:

i) Block faulting of ‘dominoes’ divided by strike slip faults

ii) In zones of convergence in association with rotation on thrust faults, and in zones of 

extension in association with normal faults.

iii) Due to distributed deformation on small to large time and length scales.

Oblique convergence is a necessary condition of plate tectonic configurations 

along many plate boundaries (e.g. McElhinny, 1973), and occurs when the regional 

direction of shortening is not orthogonal to the plate boundary. Oblique convergence is 

the likeliest cause of systematic vertical axis rotations in compressional settings.

In many mountain belts, the plate motion vector is often partitioned or divided 

into orthogonal components expressed as simultaneous strike-slip motion and thrusting 

within the orogenic wedge. The pure end members: strike slip motion parallel to the 

edge of the zone and thrusting orthogonal to the plate do not always occur. In an 

accretionary wedge motion between the overriding accretionary wedge and subducting 

plate is only partially decoupled by the formation of strike-slip faults along the back at 

the thicker part of the wedge (McCaffrey, 1992). Numerical modelling of orogenic 

wedges is based on force balance equations (e.g. Elliot, 1976a, Davis et a l, 1983). Platt 

(1993) showed that in the case of accretionary wedges subject to oblique convergence 

the style of partitioning is highly dependent upon rheology. The orogen parallel
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displacement may thus be concentrated in a narrow zone at the back of the deforming 

wedge or distributed continuously across it. Vertical axis rotations observed in such a 

setting could thus be attributed to pinning of thrust sheets at the front of the wedge, as a 

consequence of shear distributed throughout the body or in association with strike slip 

faults in the more internal parts of the mountain belt.

1.4 The Betic Cordillera

The Betic Cordillera (Figure 1.3), southern Spain has been affected by an 

apparently complex series of motions between Africa and Europe (Dewey et a l, 1989) 

since the beginning of the Mesozoic. It lies at the westernmost end of the Alpine- 

Himalayan chain which was formed by the closure of the Tethys ocean.

1.4.1 Palaeogeographic subdivisions

The primary subdivision of the Betic Cordillera is into Internal and External 

zones, the former, associated with Iberia, and the latter with the Alboran domain. The 

Alboran domain was possibly a separate tectonic plate, and certainly was a separate 

palaeogeographic region and corresponds in the present day to the Betic Internal Zones, 

the Alboran Sea and the Internal Rif of Morocco. The Internal and External Zones are 

divided by the Internal/ External Zone boundary (lEZB). In the Eastern Betics, this is a 

SE-directed backthrust, and in the Western Betics, it is a WNW-directed forward thrust.

The Internal Zones are comprised of three thrust sheet complexes containing 

Palaeozoic and Mesozoic rocks. The three complexes are the Nevado-Filabride, the 

Alpujarride and the Malaguide, in decreasing grade of metamorphism, with the latter 

generally having little or no metamorphism. The Alboran domain, with which these 

rocks are associated, is thought to have been the location of a Betic Seaway, the 

westernmost part of the Tethys ocean. Compression in the Nevado-Filabride unit 

probably started in the Cretaceous (Monie et a l, 1991). Rocks continued to be 

compressed during Palaeocene and Eocene times. Metamorphic minerals show some of 

these rocks were subject to high pressures suggestive of burial followed by rapid 

exhumation, interpreted as extension (Vissers et a l, 1995). Lonergan (1993) showed 

that the Malaguide formation, the highest of three Internal Zone complexes was subject 

to contractional deformation from latest Eocene or earliest Oligocene time.

This study is based in the External Zones, which themselves are divided into 

smaller palaeogeographic zones based on the stratigraphie differences which are more 

fully defined by Hermes (1978) and Garcia-Hernandez et a l  (1980).
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The External Zones are more closely associated with Iberia, and are composed of 

the sediments that lay on the rifted southern margin. The two main palaeogeographic 

units of the External Zones in the eastern Betics are the Subbetic and the Prebetic whose 

locations are shown on Figure 1.4. The External Zones are all unmetamorphosed rocks 

of Triassic age and younger which began to be shortened during the Miocene (Paquet, 

1968, Hermes, 1976) as a thin-skinned fold-and-thrust belt. The onset of contraction 

was later in the External Zones than the Internal Zones. The region was subject to a 

history of Mesozoic sinistrally oblique rifting and subsidence, possibly involving more 

than one phase of extension (Rey, 1990). This led to a complex isolated series of basins 

between and possibly within palaeogeographic units.

The Prebetic, where it lies to the north of the Subbetic, consists of predominately 

shallow water sediments; in the Jurassic neritic platform carbonates were deposited in 

proximal settings, and pelagic carbonates were deposited in more distal settings with 

some siliclastic sediments. The Prebetic and Subbetic are divided by the Subbetic Frontal 

Thrust, which is a fault with a branch point in the far east of the Cordillera. Prebetic 

rocks further east of this branch point are sedimentologically and palaeogeographically 

analogous to those of the Subbetic further east.

The most southerly unit is the Internal Subbetic palaeogeographic unit (Figure 

1.5a) which has shallower water facies rocks than the Median Subbetic and has a thick 

platform carbonate sequence. The Median Subbetic is thought to have been deposited in 

deeper water than any other palaeogeographic unit as it is composed of more pelagic 

facies rocks, with a thick Cretaceous basinal sequence containing resedimented material 

from the Internal and External Subbetic units. Tertiary sediments are mostly calcarenite 

turbidites. The External Subbetic further north contains a thick Jurassic platform 

sequence and a thin Cretaceous and Tertiary cover. The External Subbetic is linked to 

the Prebetic by shared sediment sources (Hermes, 1978), whereas the Internal Subbetic 

is linked more closely with the Internal zones and the palaeoslope probably dipped north 

from shallower to deeper water. These reflect the geological history: all units including 

the Prebetic are stratigraphically comparable until the end of the Liassic, at 180 Ma 

(Hermes, 1985) when rifting produced differential vertical motions, with palaeowater 

depths illustrated by figure 1.5a.
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Figure 1.5. Cartoon illustrating alternative Cretaceous palaeogeographic reconstructions for the Eastern 

External Zones of the Betic Cordillera. Cross section N-S, not true depth.

In the western Betics the palaeogeography is very similar, although there are 

some differences. The most internal (southerly) unit is often referred to as ‘Penibetic’. 

The Penibetic, recognised by Blumenthal ( 1927) define the lEZB west of Loja (Figure 

1.3). During the Late Jurassic, platform carbonates were being deposited the Penibetic, 

whilst to the north of here radiolarian cherts were being deposited in the Median 

Subbetic. The Penibetic typically has an absent or very thin Lower Cretaceous section. 

There are flysch domains whose provenance are controversial, and structural 

relationships between the flysch and the Subbetic are unclear. The Prebetic unit is not 

present in the Western Betics. The Guadalquivir basin to the NW contains foreland basin 

sediments. This basin does not continue north of the Eastern Betics.

1.4.2 Hypotheses to explain the evolution of the Betic-Rif arc.

Hypotheses to explain Betic-Rif arc evolution must fit the plate tectonic 

boundary conditions. The relative motion between Africa and Europe deduced from 

oceanic fracture patterns was used by Dewey et al. (1989) to constrain the evolution of 

the Western Mediterranean. The local implications, in the Betic-Rif arc, are sinistral 

strike-slip and some shortening between 90 and 65 Ma, followed by convergence of 

Africa and Europe between 65 and 9 Ma then dextral strike-slip motion until the present 

day. These motions are partly illustrated on Figure 1.6. These only represent boundary 

conditions to the region, as the Alboran domain, corresponding to the Alboran sea and 

the Internal Zones of the Betic and Rif mountain belts is considered to have moved
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independently. The Alboran domain is surrounded by thrust belts of Miocene age on 

three sides which are the External Zones of the Betics in Spain and Rif of Morocco. The 

Alboran domain has been subject to north-south shortening (Platt et a l ,  1996), extension 

(Watts et al ,  1993) and is still actively cut by strike-slip faults (Leblanc, 1990, Keller et 

al,  1995). Extension documented in the Internal Zones was most likely to have 

occurred at the same time as compression in the External Zones. Controversy surrounds 

the extent to which the Alboran domain may be considered as a microplate, at any point 

in the past, and how the relative motion between Africa and Europe has been 

accommodated locally, by the events mentioned.

Iberian foreland
?Rotation 

of this boundaryExternal Zones

Alboran domain
pldp|§|btiori. ; 

;fue to extensionalÂI 
^ collapse

(1)Regional 
tectonics

0

18
(Africa relat- 
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Figure 1.6. Kinematic implications of some hypotheses to explain the evolution of the Betic Cordillera. 

(1) Regional convergence between Iberia and Africa, after Dewey et al. (1989). (2) Radial motion 

described by Platt and Vissers (1989). (3) W estward motion after Andrieux (1972).

Tectonic hypotheses have been advanced relating to different stages of the 

development of the Betic Cordillera. These hypotheses use a wide variety of datasets 

such as stratigraphy (Geel et ai ,  1992), sedimentary environments (Garcia-Hernandez, 

1980), mapping of major fault zones (Leblanc, 1990), seismic reflection and refraction 

surveys (Watts et al., 1993), oceanic fracture patterns (Dewey et at., 1989), petrological 

data (Vissers et al ,  1995), palaeomagnetic data (Platzman, 1992), thermal fluxes, 

radiometric dating (Monie et a l ,  1991, Platt et a l ,  1998) and fission track populations 

(Johnson et a l ,  1997) to draw conclusions about the thermal evolution of the area, and 

plate tectonic configurations. The relevance of these hypotheses to this study is that they
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have testable implications for the present day structure of the External Zones, which 

record a critical phase in the history of the mountain belt.

Houseman et al. (1981) described how removal of the thermal boundary layer of 

the lithosphere would lead to changes in the state of potential energy that would be 

unstable and lead to lithospheric extension. Platt and Vissers (1989) advanced a similar 

extensional collapse hypothesis to explain a pattern of radial thrusting all around the 

Betic-Rif arc (illustrated on Figure 1.6). This hypothesis requires convective removal of 

part of the lithosphere (Platt and England, 1993), and results in extension of the 

remaining crust and mantle. Vissers et al. (1995) synthesised petrological data of 

mineral assemblages in the Nevado-Filabride and Alpujarride units of the Internal Zones 

(Figure 1.3) showing uplift and a change in the thermal state of the crust after an initial 

burial event and suggested it represents a late extensional event. Platt et a l. (1998) 

showed that this process was rapid using Ar-Ar and Apatite fission track data, and 

estimated that the Internal Zones were extended to three times their original length in 6 

My (strain rate -5x10"'^ s'').

Royden (1993) suggested that rollback of a W-dipping subduction zone may have 

been responsible for lithospheric extension in the Alboran sea. Lonergan and White 

(1997) used independent datasets to support this hypothesis, and maintained that first, 

palaeomagnetic declinations were consistent with the westward migration of a 

subduction zone and secondly that volcanism in the region has a subduction-type 

signature. Thirdly, they pointed to a 1954 earthquake event as direct evidence for a 

steeply dipping subducted slab, although this single event which dominates the seismic 

moment release might have a statistically unrepresentative orientation. The width of the 

Alboran sea is much less than most active subduction zones (e.g. the Scotia arc), 

however, and it is difficult to directly pinpoint a site of past subduction in the region.

Regional seismicity led Seber et al. (1996) to a different conclusion. They 

identified a zone of seismic attenuation below the Alboran sea, which in conjunction with 

other geophysical data led to the suggestion that there was a slab of delaminated 

lithosphere below this asthenospheric attenuation zone.

Many workers stress the importance of Trans-Alboran shear zones. The precise 

nature of such a shear zone varies in location, displacement and sense. Van de Fliert et 

al. (1980) suggested there was a Miocene dextral shear zone in the Eastern Subbetic. 

DeSmet (1984) maintained the whole External Zones were formed by 400 km offset in a 

Miocene dextral wrench zone. Hermes (1978) estimated 250 km and Bourrouilh (1979)
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estimated that this offset could be as much as 700 km. Similarly, Sanz de Galdeano 

(1990) stressed the importance of the Alicante-Cadiz dextral shear zone. Osete et al. 

(1988) suggested there was a Betic-wide shear dextral zone which had affected the 

whole Cordillera after Miocene thrusting. De Lazourière et al. (1988) argued that the 

Carboneras and Palomares fault zones were formed by a northward moving indenter. 

Leblanc (1990) traced a Trans-Alboran sinistral shear zone linking the Carboneras and 

Jebha fault zones (Figure 1.3) and proposed a sequence of events from the Upper 

Burdigalian. The integrity of the Alboran plate is important in the hypothesis of Leblanc

(1990), who suggested it is driven westwards and moved independently leading to 

thrusting in the External Zones.

1.4.3 Structure of the Subbetic

This section will mostly address the structure of the Eastern Subbetic which is 

shown on Figure 1.4. Early work on the structure of the External Zones emphasised the 

importance of the widespread stratigraphie offsets and associations seen in the field such 

as Cretaceous upon Triassic and Jurassic upon Cretaceous. Foucault (1966) suggested 

that diapirism in the Triassic could have given rise to the present day structure, although 

this view is difficult to reconcile with kinematic and structural data now available. More 

recently, seismic reflection surveys (Banks and Warburton, 1991, Blankenship, 1992) 

constrained by borehole data, show the Eastern Subbetic has a cross-sectional profile 

dominated by forward thrusting over the Iberian foreland, and backthrusting over the 

Internal Zones. Figure 4.1b illustrates the shape of the thrust wedge. This was further 

confirmed by the ESCIBETICA-1 seismic refraction/ reflection line of the crust which 

was integrated into magnetic and gravity data by Galindo-Zaldivar et al. (1997).

Detailed studies have been made of the External Zone stratigraphy which, as 

discussed in section 1.4.1, is subdivided into distinct palaeogeographic zones. The 

Prebetic (Figure 1.3) is composed of mostly neritic platform facies sediments. The 

Subbetic is represented by deeper water, pelagic and gravitationally emplaced sediments. 

In a palaeogeographic reconstruction, Garcia-Hemandez et al. (1980) assumed that these 

palaeogeographic units were imbricated by shortening to remain in the same N-S 

sequence in which they were deposited. Blankenship (1992) suggested a different 

palaeogeographic reconstruction with a central topographic high in the Subbetic. Molina 

and Ruiz-Ortiz (1993) challenged this view using field examples. Figure 1.5 illustrates 

these opposing views. All the External zones are floored by Triassic marls, evaporites
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and dolomites. Kirker and Platt (1998) recognised that this layer has significant 

mechanical implications for deformation.

The Crevillente Fault Zone (CFZ) is shown on Figure 1.4. Rapid contrasts in 

facies distributions particularly in blocks caught in the CFZ, distinct lineaments on aerial 

photographs and map patterns led a number of authors to suggest that a significant 

amount of displacement has occurred across the CFZ (Hermes, 1978, van de Fliert, 

1980). This idea was further developed by DeSmet (1984) who hypothesised that the 

primary origin of present day Subbetic structure was wrench tectonics centred on a 

transpressive shear zone, with up to 400 km displacement. Flower structures were 

identified on geological maps on the basis of stratigraphie relationships.

The flower structure description of DeSmet (1984) has a number of difficulties. 

Lonergan et a l (1994) showed that the primary style of faulting along the lEZB, in the 

Velez Rubio corridor was SSE-directed thrusting with small amounts of strike-slip 

faulting occurring later and cross cutting these thrusts as only minor structures. Allerton 

et a l (1994) showed the main thrusting within the Subbetic at a locality 2 km from the 

Crevillente Fault Zone was BSE-directed and was constrained by palaeomagnetic data 

which showed this direction was unrotated. These directions contrast with an expected 

ENE-directed thrusting predicted in DeSmet’s model. The flower structure model has 

two further problems. First, and most significantly, it is unclear how shortening across 

the structure is accommodated at depth. Folding could occur at deep crustal levels, but 

it is difficult to balance shortening across a narrow shear zone as suggested in cross 

sections by DeSmet (1984) with higher shortening nearer the surface. Secondly, a series 

of high angle reverse faults are required to allow the exhumation of opposing sides of 

each ‘flower’. This appears, at first inspection, to contradict rock mechanic fracture 

criteria which predict shallow angles of failure in the brittle field. Many of the difficulties 

of the flower structure model of the Subbetic are overcome by recourse to thrust 

tectonics approaches such as that adopted by Banks and Warburton (1991).

The structure of the Western Subbetic is different from the Eastern Subbetic with 

the presence of flysch units, zones of melanges with a matrix of Triassic evaporites, less 

orogen parallel strike-slip motion and the pronounced curvature of the Gibraltar arc. 

Vissers et al (1995) maintained that the Internal zones are thrust over the External 

Zones in this area. This contrasts with the Eastern Subbetic which is backthrust over the 

Internal Zones (Banks and Warburton, 1991).
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1.4.4 Palaeomagnetic studies of the Betic-Rif arc

Most palaeomagnetic studies in the Betic-Rif arc use either or both of Jurassic 

ammonitico rosso facies rocks and the Late Cretaceous capas rojas unit. The 

ammonitico rosso facies is a red to pink marly nodular limestone, containing ammonites. 

The facies was described in detail by Jenkyns (1974) who linked it to slow sedimentation. 

Ammonitico rosso occurs at various levels in the Jurassic in different palaeogeographic 

units. The rift topography on which these rocks were deposited probably gave rise to 

currents which allowed oxygenation and early formation of haematite. In the western 

Subbetic, successful sites have been sampled in non-ammonitico rosso rocks from Upper 

Jurassic rocks as well. Capas rojas rocks are an orange to red marly limestone described 

by amongst others Azéma et al. (1979). These rocks are mostly cleaved with a 

significant mud fraction and have well defined bedding, presumably arising from the 

turbidite mechanism of deposition.

Vertical-axis rotations have been identified as a widespread phenomenon around 

the Betic-Rif orogen. In the External zones of the Betics, rotations have a net clockwise 

rotation varying from 0-120° (e.g. Ogg et al., 1984, Mazaud et a i, 1986, Steiner et al., 

1987, Ogg et al., 1988, Osete et a i, 1988, Osete et al., 1989, Platzman, 1992, Allerton 

é ta l ,  1993, Platzman, 1994, Platt et a i, 1995, Kirker and McClelland, 1996, Villalain et 

al., 1996). Expected declinations for rocks of Late Jurassic and Late Cretaceous rocks 

are 331° and 358° respectively based on the apparent polar wander paths of Westphal et 

al. (1986). The difference is due to the rotation of Iberia, associated with the onset of 

oceanic spreading in the Bay of Biscay (Platzman and Lowrie, 1992). This rotation was 

stratigraphically constrained by Moreau et al. (1997) as 22 ±14°, from a section in 

Portugal. They showed that the regional anticlockwise rotation about a vertical axis 

occurred between 132 and 124 Ma. Work on rocks in the Internal Zones of the Eastern 

Betics has produced a less clear pattern of rotation (Makel et al., 1984, Calvo et a l, 

1994, 1997).

Anticlockwise vertical axis rotations of the opposite sense to those observed in 

the Betics have been documented in the External Zones of the Rif of Morocco by 

Platzman et al. (1993). Such a pattern led Platzman (1992) to suggest that rotations of 

an opposite sense on the south side of the arc lend support to a model of radial thrusting 

around the arc, superimposed on Westward motion of the ‘Alboran’ domain. Osete et 

al. (1988) concluded that clockwise rotations about a vertical axis were due to strike-slip
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deformation distributed continuously throughout the Betics and Rif, although if linked to 

the same event all rotations would be expected to be either clockwise or anticlockwise. 

Platzman (1992) and Allerton (1994) suggested that such rotations in the Betic-Rif arc 

were likely to be associated with the thrusting process.

1.4.5 The Velez Blanco area

The Velez Blanco area, Internal Subbetic, has mainly been studied by 

stratigraphers. A Dutch group in the 1970’s did much of the basic description of the 

stratigraphy of this part of the Eastern Subbetic (Geel, 1973, Geel et a l, 1975, Wittink, 

1975, DeClerq et a l, 1975a,b, Hermes, 1978), as well as in the Caravaca de la Cruz area 

(Figure 1.4).

A series of sedimentary logs from the Eastern Subbetic were presented by Rey 

(1995a, 1995b, 1995c, 1998). The results of backstripping these logs suggest that there 

was a complex history of basement subsidence interrupted by periods of quiescence, 

associated with periods of syn- and post-rift subsidence. This suggested that a prolonged 

history of rifting would have occurred throughout the area during the Jurassic and 

Cretaceous, leading to the observed widespread intra-formational discontinuities. 

Backstripping was, however, only to the stage-level resolution. Significant Miocene 

shortening has occurred which may have significantly disrupted these sections, although 

Wooler et a l  (1992) applied a similar backstripping technique to the Italian dolomites, 

and suggested that even if sections are subject to up to 30% strain it is still justifiable to 

apply this technique. The thick Subbetic Cretaceous of the Velez Blanco area, mainly 

distal, sediments may be more pervasively deformed than their Jurassic carbonate 

predecessors, however, and consequently the results of backstripping may not reveal the 

true subsidence history for the Cretaceous.

1.5 Thrust tectonics

This section will discuss important principles of thrust tectonics, and their 

relevance to this study. Thrust tectonics relates to the structures that develop in 

convergent terranes such as mountain belts and accretionary wedges, and many of these 

ideas were developed in studies of the Canadian Rockies, Appalachians and Moine thrust 

zone. A complex nomenclature has developed which describes these structures, their 

geometries and their kinematic evolution (e.g. Butler, 1982, McClay, 1991). Figure 1.7 

illustrates a number of the structures described in the following discussion with cartoon 

representations.
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Figure 1.7. Elem ents of thrust tectonics.

Thrust faults typically develop when folding and layer parallel shortening can no 

longer accommodate shortening. Thrust faults shorten the crust by stacking imbricate 

slices of crust. Boyer and Elliot (1982) distinguished imbricate sequences of thrust 

sheets, which typically form near the surface from duplexes of thrust sheets, which form 

typically at deeper levels, and have more sigmoidal shaped thrust faults in cross section 

(Figure 1.7ii,iii). Mathematical constraints show that a single thrust is not enough to 

accommodate the hundreds of kilometres of shortening necessary however, for example, 

in plate tectonic reconstructions. Sequences of thrusts develop to allow this shortening 

to continue.

There are many features which characterise thrust faulted sequences and there are 

significant differences between them. The first is the dip orientation of thrust faults 

during their growth: towards the foreland or hinterland. Systems may be forward 

directed or backward directed. The second is the direction in which successive thrust 

faults form. They may be forward breaking, in sequence (Figure 1.7iii), or backbreaking, 

out-of-sequence (Figure 1.7iv, Butler, 1987, Morley, 1988). Thrust faults tend to form 

in one preferential direction in a sequence but this is not always the case. Triangular 

blocks known as pop-ups (Figure 1.7i, Jadoon et a i ,  1994) form on kinematically-linked 

conjugate fault sets which displace simultaneously. They are often formed on easy 

decollement surfaces such as evaporites and in settings where layer parallel shortening is
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favoured. The lines of fault intersections are known as branch lines, and the intersections 

of these lines with the surface or cross-sections are known as branch points.

A number of techniques are available to draw balanced cross sections. These 

include line balancing (Dahlstrom, 1969) and equal area balancing (Mitra and Namson, 

1989). By analysing two dimensional map patterns it is possible to construct cross 

sections to considerable depth (Diegel, 1986), as lateral ramps often expose deeper parts 

of sections. These cross sections become better constrained as the amount of data is 

increased. Such data may include fault kinematic data (Geiser, 1988), seismic and 

borehole data. Geophysical modelling of magnetic and gravity data is useful when strong 

contrasts are present in the physical properties of the deformed body.

Any thrust sequence that develops will be controlled by the large scale 

mechanical state of the thrust wedge which will be subject to different amounts of basal 

shear in the mountain belt (e.g. Elliot, 1976a). Thickening and thinning mechanisms will 

be used to maintain a stable geometry of wedge taper (Platt, 1986). The Betic Cordillera 

is a zone of oblique convergence (Platzman, 1992). Mathematical models of such 

obliquely convergent thrust wedges are available (McCaffrey, 1992, Platt, 1993) which 

have testable implications for the deformation.

An implicit assumption in the work of many authors on thrust tectonics is that 

vertical axis rotations of thrust sheets has not occurred. Clearly if a thrust sequence is 

rotated by 60° from an original orientation then many of the original assumptions 

required to draw a balanced cross section are no longer valid such as equal area, as 

volumes may be increased or decreased. Reicherter (1993) pointed out that cross 

sections of Blankenship (1992) would benefit from palaeomagnetically determined 

corrections for rotation. A gently-dipping duplex might be interpreted as being a 

horizontally dipping duplex on the side of a lateral ramp if it were rotated by 90°. The 

importance of this study is then to assess this problem in the External Betic Cordillera.
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Chapter 2, Theory

2.1 Fossil magnetism in marine limestones

The following sections concern the processes by which marine limestones acquire 

magnetisation and the theory behind the palaeomagnetic techniques that establish the 

directions of magnetisations in these rocks. General theoretical matters refer to rocks, 

magnetic materials and grains, and more specific matters refer to marine limestones. 

More detailed accounts of theory can be found in Collinson (1983), Butler (1992) and 

Dunlop and Ozdemir (1997). Table 2.1 gives a list of units of measurement. 

Throughout this thesis degrees rather than radians are used conventionally.

Quantity c.g.s. S.I. Conversion

Magnetic field (H) Oersted (Oe) Amps per 1 Oe = V47C X 10̂  A/m

metre (A/m)

Magnetisation (J) Gauss (G) Tesla (T) 1 G = 471x10-4 T

Magnetic susceptibility (%) Dimensionless Dimensionless Xcgs = 4tc %si

Table 2.1. Units of measurement used in this chapter. After Butler (1992).

2.1.1 The magnetic properties of materials

Magnetic susceptibility is a measure of the ease with which a material can be 

magnetised. Magnetic susceptibility (%) is defined as

X = ; ^ = - ^  2.1

where is the induced magnetisation in a material and H  is the applied field in e.g.s. 

units, B is the magnetic field in SI units and | L i  is the magnetic permeability of free space. 

These have units listed on table 2.1. Mass susceptibility is also used in some studies with 

units m^kg'\

Solids will exhibit differing magnetic properties in response to an applied 

magnetic field. Diamagnetic solids (e.g. Calcite, Silica) develop an induced 

magnetisation in the opposite direction to the applied field (figure 2.1a). Paramagnetic 

materials (e.g. clays) will have an induced magnetisation in the direction of the applied 

field (figure 2.1b). Diamagnetic and paramagnetic grains will lose their magnetisation 

once the magnetic field is removed.
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Figure 2.1. (a) Response of a diamagnetic material to a magnetic field, (b) Response of a param agnetic 

material to a magnetic field, (c) Hysteresis loop for a ferrom agnetic grain. Modified after Collinson 

(1983).

In addition to an induced magnetisation, permanent magnetisation can be carried 

by ferromagnetic' materials. A hysteresis loop shown in figure 2.1c shows the 

characteristic behaviour of ferromagnetic materials in response to a magnetic field.

' Many of the minerals discussed in the following sections are in fact not ferrom agnetic but 
ferrim agnetic. Ferromagnetic grains have atomic properties with parallel coupling of magnetic layers. 
Ferrim agnetic grains have alternate layers of antiparallel but unequal m agnetic moment. The term 
ferrom agnetic is used for simplicity as both ferromagnetic and ferrim agnetic minerals exhibit 
approxim ately the same palaeomagnetic behaviour in limestones. Antiferrom agnetic grains alternate 
layers o f equal magnetic moment, and imperfect antiferrom agnetic grains have alternate equal layers, 
with slightly oblique moments leading to very small net moments.
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When a magnetic field is applied to an unmagnetised grain, the induced magnetisation 

initially increases along curve a, to a limit, the saturation magnetisation, When the 

field is reduced to zero the induced magnetisation will not return to zero, but will have a 

remanent magnetisation, Jr, limited to a maximum, (the saturation remanent 

magnetisation). Consequently, as the field is reduced to zero, the grain magnetisation 

might follow, for example, curves Z? or c on figure 2.1c, dependent upon the intensity of 

the maximum applied field. The initial magnetic susceptibility is found by applying a very 

small field to the grain, and is reflected in the gradient of the straight line starting at the 

origin on figure 2.1c and is reversible.

Small magnetic grains are magnetised homogeneously, but large magnetic grains 

become subdivided into smaller domains of magnetisation along domain wall boundaries. 

The subdivision arises because the magnetostatic energy, the energy associated with 

magnetisation of the crystal lattice, can be lowered by this means when the grain is above 

a critical volume. This allows single domain (SD) and multidomain (MD) grains to be 

defined. MD grains are more easily magnetised by weaker fields because the domain 

boundaries in the grain can be moved. Pseudo-single domain (PSD) grains divide the 

MD and SD grain-size fields along a boundary zone, which for some minerals is an order 

of magnitude of grain dimension.

Magnetic remanences decay with time. For a mineral with initial remanent 

magnetisation (Jr,o) at time t = 0, the decay of remanent magnetisation, Jr, is governed 

by:

Jr — Jr,0 e x p
V y

T is the time constant where:

2.3

X =  1 j  exp 2.4

c is a frequency factor of the order of -10'* s '\  v the grain volume, js the saturation 

magnetisation of the ferromagnetic material (figure 2.1c), k, the Boltzman constant and T 

the temperature and he is the coercive force (coercivity) which is also partly a function of 

temperature. The important factors are then volume, temperature and time. If x is 

comparable to geological time (>10^ years), then the magnetic grain is capable of 

carrying a stable magnetisation. If the temperature of the grain is increased the 

relaxation time falls. The blocking temperature is the temperature at which permanent 

magnetisations are no longer retained (x = 100s). The temperature at which x is
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effectively zero and no longer capable of retaining any permanent magnetisation is 

known as the Curie temperature, Tc.

There are three types of magnetic anisotropy. Firstly, magnetocrystalline 

anisotropy arises from lattice properties as different crystal axes have different magnetic 

properties. Secondly, shape anisotropy arises in elongate crystals due to the internal 

demagnetising field, which causes materials to be magnetised most easily parallel to their 

long axes. Thirdly, strain anisotropy can be induced by mechanical stress. Indeed, 

anisotropic magnetic susceptibility may be described with an ellipsoid whose three 

principal axes are comparable to a strain tensor. The induced magnetisation in the grain 

will vary according to grain orientation with respect to the field. Anisotropy of magnetic 

susceptibility (AMS) is detected when the susceptibility changed the direction of the 

applied field (Hrouda and Janak, 1976, Hrouda, 1982). AMS studies can be used to 

assess the significance of rock fabrics, such as current action, compaction and strain.

2.1.2 Magnetic Minerals

Pelagic marine limestones generally contain a mixture of magnetic minerals. The 

commonest minerals are titanomagnetites, titanohaematites, iron sulphides, goethites and 

pyrrhotite. All minerals have different intrinsic magnetic properties such as saturation 

magnetisation (7„) and Curie temperature Tc. Similarly, susceptibility of a sample is the 

sum of susceptibilities of all the magnetic grains present. Different minerals have 

different susceptibilities. An assemblage of different grains in different concentrations 

will contribute towards the particular mass susceptibility of a given specimen.

Figure 2.2 shows the Fe^^Fe^^Ti oxides ternary system. Two series are of 

particular importance; the titanomagnetites and the titanohaematites. The endmember of 

the titanohaematites, haematite has the highest Curie temperature, 680°C. If it has a 

small grain size then it is typically the cause of a pigmentary red colouration of the rock. 

Collinson (1974) in a study of sandstones showed that specular, poly crystalline haematite 

has a much higher intensity of remanent magnetisation than the pigmentary fraction. 

Magnetite, the endmember of the titanomagnetites has a Curie temperature 575°C, but 

the solid solution series titanomagnetites have lower values of as can be seen on 

figure 2.2. The titanomagnetite series has higher saturation magnetisations than the 

titanohaematite series: (7r.v)-
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Mineral Tc Coercivity Coercivity Temperature Mag. susc.

r c /mT Window Window /S.I.

Magnetite 575 0.3 L H 5.7 X 10"“ “’

Maghemite 350 0.3 L M 5.7 X 10'“ “’

Titanomagnetite 150-350 0.1-0.2 L L-M 7

Pyrrhotite 325 0.5-1.0 M M 7

Haematite 675 1.5-5 M-H H 6 0 -6 0 0  X 10 *

Goethite 80-120 5 or more H L 7

Table 2.2. M agnetic parameters of minerals common in m arine limestones. After Lowrie (1990) and 

Collinson (1983). Coercivity/ temperature windows are explained in section 2.1.4. Abbreviations: L = 

Low, M = M edium, H = High, a = average value. Mag. susc. = M agnetic susceptibility, in S.I. units.

TiO,

V, FeTiO, 
llm e n ite /

V3 Fe J iO , 
Ulvospinel

300300

500450

FeO
Magnetite Haematite

Maghemite

Figure 2.2. Ternary diagram  showing the Fe0 -Ti0 2 -Fe203 system. M inerals relevant to the 

palaeom agnetism  of m arine limestones are included. Numbers give approxim ate Curie temperatures of 

solid solution. M aghemite is unstable above 300 °C and decomposes.

Other minerals relevant to the palaeomagnetism of marine limestones are calcite, 

iron sulphides and goethite. Limestones are principally composed of calcite, a 

diamagnetic mineral with a negative magnetic susceptibility. The magnetic 

susceptibilities of limestone specimens are commonly low as a consequence and in fact 

the limestone impurities carry magnetic remanence. Sulphides may appear as pyrrhotite, 

FevSg to FeçSio. Pyrrhotite exhibits ferromagnetic behaviour although is ferrimagnetic, 

with Tc approximately 350°C. Greigite (Fe3S4) occurs as an intermediate composition
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between pyrite (FeSz) and pyrrhotite but rarely appears in natural samples. Goethite, 

iron hydroxide (FeOOH) has a low Tc and a very high coercivity. Some of the 

parameters of minerals discussed in this section are summarised on table 2.2.

2.1.3 Natural Remanent Magnetisation

Natural Remanent Magnetisation (NRM) in rocks can be classified into primary 

and secondary magnetisations according to genetic criteria. Primary magnetisation is 

acquired during formation of the rock, whereas secondary magnetisation is acquired 

some time after initial formation. A primary magnetisation is carried by grains with a 

long relaxation time, T, which might be of the order of billions of years. Examples of 

processes by which rocks acquire a primary magnetisation are thermoremanent 

magnetisation (TRM) in cooling igneous rocks and detrital remanent magnetisation 

(DRM) in sedimentary rocks. DRM arises when magnetised grains fall through the 

water column and are aligned by the earth’s magnetic field. The magnetic moment of the 

grain will oscillate under the force of the earth’s magnetic field and eventually under 

viscous damping will be statistically more likely to lie in the direction of the ambient 

field. Postdepositional remanent magnetisation (PDRM) arises where Brownian motion 

effects on magnetic grains in the soft sediment are thought to align magnetic grains 

further into the ambient magnetic field.

Secondary magnetisation of rocks might be acquired some time after initial 

deposition during burial diagenesis, compaction and subsequent exhumation or as a 

response to changes in the chemical, thermal and magnetic conditions affecting the 

sample. Examples of chemical remanent magnetisation (CRM) are the precipitation of 

new authigenic minerals from solution or phase changes in the pre-existing minerals. As 

a SD grain grows in volume v, so too does the relaxation time T. If it continues to grow 

the grain will become multidomain at which point x falls and equation 2.4 is no longer 

valid. Viscous remanent magnetisation (VRM) occurs when grains with a short 

relaxation time are exposed to a magnetic field. This may be formed over a long time if 

the rock is sitting in an ambient magnetic field, or rapidly. If the rock is subject to a 

change in temperature, the accompanying change in magnetisation is termed 

thermoviscous magnetisation (TVRM). Pulliah et al. (1975) showed that such 

remagnetisation occurs because the coercive force (he) necessary to remagnetise a 

sample is dependent upon temperature (c.f. equation 2.4). Isothermal Remanent
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Magnetisation (IRM) occurs when a rock is exposed to a large magnetic field. This can 

occur, for example, when lightning strikes a rock exposed close to the surface. 

Lightning strikes can give rise to intense short-lived magnetic fields, above the 

coercivities (he) of many magnetic minerals. IRM can also be artificially imparted to a

sample in the laboratory setting, or by stray magnetic fields caused by electrical

equipment.

The earth’s magnetic field is the ultimate cause of magnetisation of many 

limestones. McElhinny (1973) discussed the geocentric dipole hypothesis which 

describes the direction of the ambient dipole field at the surface of the earth with the 

relation:

tan /  = 2 tan L 2.5

where L is the latitude and /  is the inclination of the field. This formula does not

however, describe the intensity and declination of the field. This instantaneous dipole is 

typically off centre from the earth’s rotation axis but when averaged over 10̂  years the 

two axes are indistinguishable. The dipole field accounts for 90% of the earth’s 

magnetic field observed at the surface. These conventions for magnetic remanence 

directions are defined on figure 2.3.

North

Declinatioi

EastInclinafioi

Magnetic remanence

( Down

Figure 2.3. Definition of the declination and inclination of a magnetic remanence.

2.1.4 Identifying remanences by demagnetisation

The directions of remanence components can be found using demagnetisation or 

magnetic cleaning techniques. Stepwise thermal and alternating field demagnetisation 

techniques are routinely used to isolate the components of magnetisation. Figure 2.4a 

illustrates the schematic change of magnetisation of a monomineralic assemblage against 

increasing temperature, until magnetic remanence is removed at Tc. The easily removed 

components often reflect a VRM in the direction of the present day field. The harder to
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remove components can be interpreted as the primary remanence. Harder to remove 

components (component B, figure 2.4b) reflect higher temperatures during 

demagnetisation, as will be discussed in the following paragraphs.

Zijderveld (1967) introduced the vector diagram (figure 2.4b) which is a two 

dimensional representation of three dimensional data. This method of data presentation 

was further discussed by Dunlop (1979). It has the advantage of showing both the 

direction and intensity of magnetisation on one plot. A stereographic projection which is 

a viable alternative to a Zijderveld diagram does not show intensity.

Thermal demagnetisation is conducted by a stepwise heating procedure. A 

sample is heated to a specified temperature and then cooled in field free space. Samples 

with Curie temperatures below the peak temperature have their magnetic moment 

reduced to zero. The sample is then measured and heated to a higher temperature. By 

equation 2.4, it can be seen that the time constant for relaxation decreases as temperature 

increases. As grains sizes have a naturally occurring distribution of volumes (v) and 

compositions, the demagnetisation curve for a sample is typically a smooth line, rather 

than a step function. In order to properly define the component of magnetisation well, it 

is important to choose stepwise demagnetisation points that take advantage of the 

temperatures when the rate of change of magnetisation is the highest (dVyd7^=0), 

shown by the lower curve on figure 2.4a.
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Figure 2.4. (a) Decrease in rem anent magnetisation with increasing temperature, (b) Zijderveld plot 

showing two components, demagnetised in the ranges 0 to 200 °C and 300 to 575 °C. The upper line 

represents the north and east projection and the lower line represents the east and down projection, (c) 

Explanation of alternating field dem agnetisation showing dem agnetising field waveform and example 

resultant m agnetisations, (d) Mixed component behaviour when more than one com ponent is 

dem agnetised at once, with implications for stereographic projection.

Alternating field (a.f.) demagnetisation is achieved by stepwise application of 

alternating magnetic fields. At each step, the magnetic moments of grains with a 

coercivities (defined as he on figure 2.1c) below the peak magnetic field will be 

randomised. Increasing peak fields are applied between each measurement. The 

waveform of the demagnetising field (H) applied to the sample is a linearly decaying 

sinewave at time t of the form:

H = H.
/ \ Kt

S in 2.6

where Hp is the initial peak field, to the time to reach the first peak and T is the total time 

of demagnetisation. This curve is illustrated on figure 2.4c. When the field reaches a 

first peak of, for example 100 mT, all grains with a coercivity {he) below 100 mT will
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have their remanent magnetisation aligned in the positive direction. When the field is 

reversed, it only reaches 99 mT, and all grains he < 99 mT will face in the negative 

direction. This process will continue until all the magnetic moments with he below 100 

mT are effectively neutralised when the field reaches zero at time T, as illustrated in the 

table on figure 2.4c. The limitation of this technique is that both haematite and goethite 

have coercivities (he) higher than the peak field of a.f. machines.

As the sample is demagnetised a single remanent component of magnetisation 

will plot as a single point on a stereographic projection. In the cases where two 

components have partially overlapping temperature or coercivity spectra they will 

demagnetise simultaneously and the successive steps will lie on a great circle as shown 

by Halls (1976, 1978). This problem is illustrated on figure 2.4d. During 

demagnetisation from 0 to Ti, the points will plot on C. Between Tj and T2 , the 

remanent magnetisation will move along the curve connecting C and D. Between T2 and 

T?, when C has been removed and demagnetised, the remanence vector lies on D of the 

stereonet, until D is removed too.

If, as on figure 2.4c, D is the last component of magnetisation to be removed by 

stepwise demagnetisation, it will be known as the characteristic component of natural 

remanent magnetisation (ChRM). Extra data is required to assess whether the 

remanence is primary or secondary.

2.1.5 The origin of magnetisation in limestones

As discussed in section 2.1.2, the main magnetic minerals in pelagic marine 

limestones are; titanohaematites, titanomagnetites, goethite, iron sulphides and 

phyrrhotite. Although it is still a matter of debate exactly how the main minerals become 

incorporated into the limestone and how they are magnetised, most authors agree that a 

magnetisation in limestones is frozen in close to the sediment/ water interface. This 

section will examine the magnetisation mechanisms. Lowrie and Heller (1982) review 

the magnetic properties of marine limestones, and further details of their 

palaeomagnetism can be found there.

Some titanomagnetite may settle on the sea floor from either volcanic activity or 

may be transported there as terrigenous input (e.g. turbidites), and may be considered a 

DRM. Bioturbation can however randomise these moments, and it is likely chemical 

effects are important below the level of effective bioturbation in the sediment column in 

the formation of remanence. Alignment of the titanomagnetite can also occur by 

postdepositional alignment in the soft, uncompacted sediment. Goethite is precipitated
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from sea water under typical redox conditions. Reducing conditions can then lead to a 

phase change of goethite into the magnetite or haematite stability fields after rapid burial, 

particularly if organic matter is present (see phase diagram in Butler, 1992, p. 190). 

Sulphides, such as pyrite greigite and pyrrhotite are also commonly formed by this 

diagenetic processes in marine sediments. These grains grow in volume (v) in the earth’s 

magnetic field and align with it.

Channel et al. (1982) showed that geomagnetic reversals of the earth’s magnetic 

field were recorded by haematite up to 60 cm below the first point at which they were 

recorded by titanomagnetite grains in the sedimentary record. Therefore, although this 

haematite may define ChRM it may in this case be considered a secondary chemical 

magnetisation since it appears to have grown some time after the initial deposition of the 

rock.

Magnetisation can be acquired erroneously in the laboratory. Goethite in 

limestones has three sources. It can be present in the original sediment, be formed as a 

consequence of subaerial weathering at the time of exposure or be grown in samples in 

the laboratory during thermal demagnetisation. Goethite has a Curie temperature (80- 

120°C). Under oxidising conditions it will dehydrate to haematite above 300°C. 

Haematite can further be reduced to magnetite between 450 and 680°C. Haematite and 

magnetite grown in these circumstances will have very small grain sizes and may obtain a 

remanence which records misleading components of magnetisation. This process can be 

monitored as growth of new magnetic minerals will be reflected in an increase in the 

magnetic susceptibility. These phase changes reflected by the growth of new minerals 

can thus be monitored by regular measurement of the bulk magnetic susceptibility.

In summary, the formation of NRM in limestones is complicated by the 

subsurface redox and pH conditions particular to a sedimentary system. These physical 

conditions are influenced by anoxicity, organic matter content, sedimentation rates and 

levels of volcanism. Facies distributions in carbonate platforms are also important to the 

acquisition of magnetisation (McNeill, 1997).

2.1.6 Identifying the carriers of remanences

It is difficult and time consuming to identify the carriers of magnetism in marine 

limestones by using direct extraction techniques or optical methods given the low 

concentrations of magnetic mineralogy in samples. Lowrie and Heller (1982) suggested 

that a better approach is to impart a known IRM to the sample in the laboratory. Lowrie 

(1990) suggested that this IRM should be applied stepwise then thermally demagnetised.
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The stepwise magnetisation is equivalent to remanences acquired by following the up 

curve (a) on figure 2.1c and is imparted along one axis. Once the saturation 

magnetisation is reached, a multicomponent IRM is imparted to the specimen along three 

orthogonal axes in order to determine which magnetic minerals are present in the sample. 

This artificial IRM is then stepwise thermally demagnetised, which allows the 

examination of three coercivity windows, low, medium and high. These three coercivity 

windows can be used, given the limited choice of magnetic minerals present in marine 

limestones, to distinguish the minerals present by a process of elimination using the 

coercivity and temperature windows of table 2.2.

Freeman (1986) used direct observation techniques on magnetic grains after 

extracting them from pelagic limestone samples. Scanning electron microscopy showed 

that the IRM demagnetisation technique was a reasonably accurate guide to the minerals 

present in marine limestones, although there are other minor accessory minerals present 

in some samples too.

2.2 General formulae

The following sections outline techniques and equations for calculations 

discussed in the text.

2.2.1 Technique for calculating relative position of sites along strike of the 

mountain belt.

It is useful in this study to examine the positions of points (e.g. palaeomagnetic 

sites) relative to each other, as the initial coordinate map frame is an arbitrary map frame. 

This allows spatial trends in data to be examined. The strike of the mountain belt 

measured clockwise from north is a . The distance, d, parallel or perpendicular to the 

strike line of a point P(x, y) {x is the east coordinate, and y is the north coordinate). The 

perpendicular distance is

= y sin a  - jc cos a  2.7

and the parallel distance is

I =  y  cos a  + X  sin a. 2.8

The smallest value is subtracted from the other points or the coordinate of an important

boundary is subtracted, such as the position of the Internal/ External Zone boundary

(Lonergan era/., 1994).
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2.2.2 Cross Section shortening

The standard techniques for calculating the shortening across a mountain belt is 

discussed by Hossack (1979). The fractional shortening, e (negative for compression 

using the engineering convention) is:

8 = ^  2,9

where lo is the original bed length, measurable along the present folded length and I] is 

the present length of the section measurable as a straight line. It can be converted into a 

percentage by multiplying by 100.

2.2.3 Test of linear regression

The least squares technique can be used to calculate the best fit line through an 

array of N data pairs (%„ y,). The parameter r, the sample population correlation 

coefficient, gives the closeness of fit of the data to a straight line where:

2.10
Na,a^

X and y are the means and Gx and Gy are the standard deviations of the respective 

populations (X and Y) from straight line fit. As /  tends to 1 the points align closer to a 

perfect line and as /  tends to zero the points lie randomly scattered.

It is possible to test whether the correlation coefficient shows the two data sets 

are interdependent by applying an F-test. Using the approach of Davis (1986), the null 

hypothesis is that scatter in values about the regression line is no less than their scatter 

about the %ory axis. This null hypothesis is valid if Ftest > Fchticai where

and Fcrit is the F-statistic with 1 and N-2 degrees of freedom, usually at the 0.05 

probability level or 95% confidence level.

2.2.4 To calculate the angle between two poles to planes

A pole (p) such as that to bedding or a fault plane has trend D measured 

clockwise from north and plunge I measured down from horizontal may be expressed in 

right handed Cartesian coordinates as

2.12

( \  
X ( 1 cos/COSD North^

y = cos 7 sin D = East
 ̂ sin /  ^ ^ D o w r i y
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The cosine rule states that vectors a and b, with Cartesian components Xa, ya, Za and Xh, 

yh, Zh are related by

Xh + yayh + Za Zh = \a\\b\ cos8^  ̂ 2.13

where Qa.h is the angular separation of the two poles and \a\ and \b\ are the lengths of the 

vectors, in this case equal to 1. Given that these poles are typically expressed as trend, 

(D) and plunge (7), they can be transformed into Cartesian coordinates using equation 

2.12. Combining 2.12 with 2.13, the angle between any two structural poles is:

Qa.h = cos ' (cos la COS Da COS h  COS Dh + COS la siu Da COS h  sin Dh + sin la sin 

h). 2.14

2.3 Circular and spherical statistics

The description of geological structures requires a statistically valid treatment of 

the measurements. Processes such as faulting have an inherent noise associated with 

them. Human error in field measurement and the laboratory is a further source of error. 

The systematic study of any directional rock property should involve the collection of a 

number of measurements, a population, so that a mean can be calculated and appropriate 

error analysis can be conducted. The analysis of data requires mathematical assumptions 

about the spatial distribution of the population from which the data was taken. The 

calculation and physical significance of three distributions will now be discussed: 

vonMises, Fisher and Bingham. A more detailed discussion can be found in Davis 

(1986) and Fisher et al. (1987). In every case, data is assumed to be equally weighted so 

that, each data point represents a vector of unit length beginning at the origin.

2.3.1 The vonMises distribution

The vonMises distribution is used for circularly distributed data. If data is in the 

form of circular data it is invalid to simply calculate a simple numerical mean, as any 

large population would tend towards a mean value of 180°. Circular data is defined as 

angular, two-dimensional directional data. An example of circularly distributed data is 

fault strikes. Samples that are drawn from a circularly normally distributed population 

follow the vonMises distribution. A mean direction, 0 can be calculated using the 

equation.
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where 0, is the value (0 < 0, < 360°) of a total n sites. It is important to note that the 

solution for arctan 0 is -90° < 0 < +90°, so if 5 < 0  and C < 0, then 180° should be 

added to 0 , if 5" > 0  and C < 0, then 180° should be added, and if 5 < 0 and C > 0 

then 360° should be added.

The 95% confidence interval angle (OC95) within which the true mean lies is 

calculated using the standard error formula:

where the normal statistic, Z 9 5  = 1.96 and

R" = C ^ + T . 2.17.

R is the length of the resultant vector when all the unit directions are added as vectors in 

Cartesian coordinates. The magnitude of R is also the length of the mean direction. The 

concentration parameter, K, defines how closely the data clusters around the mean. 

Davis (1986, p.323) lists maximum likelihood estimates of k, as a function of R. This 

may be used to check whether the population is statistically distinguishable from a 

specified direction at the 95% level.

Two populations can be compared to test whether they were drawn from 

separate distributions using the F-statistic. Rj and R2 are the resultant lengths of the 

separate populations and R is the length of the combined populations. If K > 10 then for 

two distinct directions, the following condition is satisfied:

whereas if 10>k>2, the alternative condition is satisfied:

F <M , N - 2  -
' 1  + 2 '

8k

{ N - 2 j R , + R , - R )
2.19

(/?, -\-R ^-R )

where the cumulative number of directions for both populations combined is N = Ni + 

N2 and i? = |/?| = \R] + 7 2̂ !.

It is sometimes invalid to project data onto one plane, and hence spherical statistics are 

needed.
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2.3.2 The Fisher Distribution

The Fisher distribution is better suited to three dimensional vector data, such as 

palaeomagnetic directions, palaeocurrents or fault slip data, which is directional and 

should be symmetrically distributed about a mean. Fisher (1953) assumed that the 

distribution of vectors in a population is radially symmetric about a mean vector. The 

probability density function in a ring of incremental radial thickness (d6 ) around the mean 

at angle (6 ), from the mean direction is proportional to

a exp (k cos 0). 2.20

The mean vector is calculated in a similar way to the vonMises distribution, using the

direction cosines (/„ «/). The resultant mean vector, the vector sum of N sample

directions in Cartesian space (equation 2.12) has direction cosines (/, m, n) and length R 

where:

+ + 2.21

The mean of the distribution from which the population was drawn lies within the cone

of confidence centred on the sum vector, whose radius aj.p, is calculated using the 

approximation:

N - R
cosa„_,, = 1 - — ^ f 0 ^

\ P )
2.22

where p  is the probability level. This is usually set at 0.05 or the 95% level.

McFadden and Lowes (1981) outline a technique for testing whether two Fisher 

populations are drawn from the same distribution. Using the notation of section 2.3.2, 

the null hypothesis (ho) assumes that that they are statistically indistinguishable. This 

hypothesis is incorrect if the following condition is satisfied:

R^
p /  (

- 1 .  2.23
2 { N - R , - R , )  [ p .

Again, N  represents the total number of poles, N = Nj + Nz, and R is the vector sum of 

both populations.

2.3.3 The Bingham Distribution Function

The Bingham distribution is better suited to bi-directional axial data, such as a 

rock foliation, and data that lies on a girdle. The points on a sphere with direction 

cosines (%„ y„ zi) and mass (pi) give it a statistical moment of inertia. These points may 

be considered as vectorial and hence drawn from an axial distribution. Such points might
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be, for example, the normals to folded bedding planes, and magnetic susceptibility axes. 

A symmetric orientation matrix as described by On sett (1980) can be calculated from 

which eigenvectors Xj and eigenvalues (S3 > S2 > Si) can be extracted:

Y^xyp ^ x zp
^ y ^ P  2.24.

Ŷ ŷ p
T =

As mentioned in section 2.3, all directions are equally weighted in magnitude with p = \. 

The significance of these eigenvectors or principal axes is that they correspond to minima 

of moment of inertia. Interpretation is slightly more complex than the Fisher distribution, 

as it depends on the relative magnitudes of the eigenvalues. Two methods of assessing 

the data will now be described.

Different combinations of eigenvalues are shown on table 2.3, and it can be seen 

that the type of data dispersion can be assessed by direct comparison to each other. If 

the data set is small i.e. N  is less than around 30, the Bingham distribution axes 

confidence cones cannot be calculated. Therefore, if Fisher distribution assumptions are 

valid then these statistics will have better error control.

Eigenvalues Type of distribution

Si=S2=S3 Uniform, non- orientated axes

Si<S2«S3 i)R large: unimodal ii)R small bimodal & elliptical

Si=S2«S3 i)R large: unipolar ii)R small bipolar

Si«S2<S3 Asymmetric girdle, elliptically shaped

Si«S2=S3 Symmetric girdle

Table 2.3. The significance of Bingham orientation matrix eigenvalues. After Onsett (1980).

The method of inspection of eigenvalues described in the previous section is a 

cumbersome technique for assessing the data dispersion and overall shape. Woodcock 

and Naylor (1983) suggest two useful parameters (C and K) which simplify this problem. 

Ratios of the eigenvalues {sj, S2 , S3) of T  can be can be calculated firstly to examine the 

degree of clustering and secondly the degree of girdling versus single point distribution. 

Well concentrated datasets have a high C-value where

C = In {si / 2̂) 2.25

A further calculation of the Æ-value assesses the degree of girdling versus the degree of 

clustering around a point where
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K = 2.26

Here a high value K reflects high degree clustering around a point, and a lack of 

asymmetry.
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Chapters. Methods.

3.1 Introduction

This chapter will discuss methods and techniques used in the field and laboratory. 

Sample collection and preparation are discussed first. An outline of experiments carried 

out in the Palaeomagnetism Laboratory, University College London follows. Finally 

there is a brief discussion of techniques used in the field. Results and specific details of 

demagnetisation will be discussed in later chapters.

3.2 Palaeomagnetic Techniques

3.2.1 Sample collection and preparation

Sites were chosen mostly from two rock types in the stratigraphy that have 

provided successful results previously from the Eastern Subbetic in the work of Allerton 

et al. (1993, 1994). These were the ammonitico rosso (Jenkyns, 1974), a red nodular 

biomicrite limestone, and the capas rojas a red marly limestone. A new rock type from 

which no published palaeomagnetic data exists was also used, the Litholitis limestone 

described by Rey et al. (1990). This latter unit is lithologically very similar to the 

ammonitico rosso, but contains a different fauna. All the sites sampled during this study 

are listed in Appendix 1, with grid references, place names, rock types and dates of 

collection.

Sites with a structural tilt much greater than 30° were avoided where possible 

due to the commutativity problem of the tectonic tilt correction; a vertical axis rotation 

followed by a tilting is unlikely to give the same result as a tilting followed by a vertical 

axis rotation. The problem with large tilts is that there is a higher probability of an 

apparent vertical axis rotation. Fold plunge requires a two stage untilting treatment, so 

plunging folds were avoided if possible. Stream beds were preferred for sampling; 

barrancos are dry river beds with steeps sides and often have well polished and exposed 

sections. Low positions in the topography were favoured to decrease the chances of 

lightning strikes, which can leave a large Isothermal Remanent Magnetisation (IRM). 

Fold tests were taken when rocks of varying dip were available in order to constrain the 

timing of magnetisation of different rock types.

Samples were taken from sections to ensure that 10̂  years or more of 

sedimentation were covered to remove the effects of secular variation. Most sections
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cover at least 10̂  years as the units chosen were sedimented slowly in a pelagic or 

drowned platform-type setting. Twelve samples were taken from each section as a 

minimum, but typically up to twenty were taken due to the low Natural Remanent 

Magnetisation (NRM) present in many specimens (less than 0.25 mA/m).

Samples were taken in the field as orientated cores. Cores were drilled with a 

portable Pomeroy Industries Unlimited (P.I.U.) E-Z Core Rock Drill, converted from a 

Stihl D026-C chainsaw. The drill bits used were of the 1 1/8 inch Heavy Duty P.I.U. 

BSS-1 type. During drilling, the drill bit was cooled and lubricated with water pumped 

from a Hozelock 8 litre pressurised water container. Where possible cores were drilled 

to a depth of 8 cm, although jointing in outcrop made this difficult. In capas rojas sites 

cleavage was a further problem, frequently leading to broken samples. This problem was 

minimised by drilling cores parallel to the intersection of cleavage and bedding.

Sample orientation was performed in situ using a P.I.U. Orientator. Each sample 

was measured for inclination and sample azimuth using a Bruton magnetic compass 

under the convention shown in Figure 3.1a. When sufficient shadow was available, sun 

azimuth was taken, along with the time to the nearest half minute. Samples were marked 

initially using brass rods and after extraction with permanent markers. They were stored 

separately as sites. Bedding was measured for each core if possible so that the 

uncertainty in the tectonic correction could be assessed, although bedding surfaces were 

not always available for each site.

(a) Sample marking
North

Sample
azimuth

Fiducial
mark

Sample

(b) Specimen marking 
Y-axis

X-axis and 
Fiducial Mark

Z-axis

dip (measured 
from vertical)

Strike  ̂
 ̂ /(OOO) 

Dip

Figure 3.1. Sample and specimen m arking conventions.
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Block samples were collected when either no drill was available, or drilling was 

forbidden on the basis of wildlife considerations. In these cases three or four blocks 

were taken from different beds to make a site. The top surface of each block whose 

ideal dimensions were a cube of side 10 cm was orientated with a magnetic compass with 

dip and dip direction marked with diplines. The field trend and plunge of these lines was 

measured, along with the bedding, if different from the surface. Blocks were levelled in 

London so the top surface was horizontal, mounted in plaster, and cored using a drill 

press with water as the lubricant-coolant, and then remarked using the same convention 

of Figure 3.1a.

Core samples were cut using an ASC Scientific Dual Blade Sheer. Specimens 

(defined by Butler, 1992, p84) cut from the deepest part of the core were preferentially 

used as ‘A-specimens’ first. B-specimens were then cut if enough was remaining. The 

resultant specimens were remarked according to the London marking convention shown 

in Figure 3.1b. The standard core dimensions were 25.4 mm diameter and 22.0 mm in 

length, giving a standard volume of 11.15 cm .̂

Initially NRM was measured. Sample orientation data was entered at this time. 

Magnetic and sun declinations were compared to check sample orientation was correct. 

Sun declinations were calculated using an MS-DOS programme (SUNPOMRY) based 

on low precision nautical formulae. If the initial NRM had an intensity below 0.25 

mA/metre, the specimen was rejected, although at least one sample per site was 

examined to check for reversals. The numbers of specimens per site that had NRM 

above this level are shown on Appendix 1, under the column ‘NRM > 0.25mA/m’. Work 

was not continued on sites that had too few specimens with suitable NRM.

3.2.2 Spinner Magnetometer operation

A JR5-A Spinner Magnetometer made by Agico was used to measure Remanent 

Magnetisation. It is controlled remotely by a computer mnning an MS-DOS control 

programme. Figure 3.2 shows important components in the machine. Specimens were 

rotated about three axes (x, y, z) successively, at 89.3 rev/second in the sample chamber 

of the pick-up unit. The sample chamber was fully shielded from magnetic fields. An 

induced current in the coils of the sample chamber alternates with the same frequency as 

that of the rotating sample but with a different phase. The control unit calculates 

orthogonal components of remanent magnetisation from the phase and gain.
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PICK-UP UNIT
pick-up
coils

Control Computer
< sample 

chamber
crenellated
drum

photocel 
light diodeCONTROL BOX

spindle000 00000 00

component
calculation motor

digital
integration phase

Figure 3.2. Fundamentals o f spinner m agnetom eter operation.

Before sample measurement could begin, a sample of known magnetisation was 

measured to calibrate the magnetometer. At low intensities of magnetisation it is 

important to make a correction along all three axes for the magnetisation of the perspex 

sample holder, which can become contaminated with dust and dirt by subtracting the 

magnetisation from all later measurements. Typically the correction is of the order of 

0.05 mA/ m. Sample holder values above 0.25 mA/ metre in intensity were deemed 

unacceptable and were reduced by cleaning the sample holder using ‘Foamclene’ 

antistatic foam cleaner and water. When persistent errors arose, the sample holder was 

demagnetised using the maximum peak field possible in a ‘Minispin’ alternating field 

demagnetise!'.

At the end of each spin the sample is automatically rotated by 120°. This leads to 

two measurements of each axis, a total of six values. These are averaged by the control 

programme, which also calculates an error. If the calculated error was greater than 5°, 

then the sample was remeasured, although at low intensities it is difficult to minimise this 

error. Figure 3.3 shows a compilation of errors calculated by the machine from a run of 

experiments conducted during October 1997. These errors are given as an ‘alpha 95’, 

although the data is not Fisherian (section 2.3.2). It does however give an approximate 

measure of the angular uncertainty of measurement. Errors were highly variable, so this 

plot reflects a composite population. The JR5-A Spinner Magnetometer measurement
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times are longer than those of a typical cryogenic magnetometer but the sensitivity is 

similar.

100  -

I

0.001 0.1 1 

Intensity (mA/m)

100

Figure 3.3. Spinner m agnetom eter errors, from experiments conducted during October 1997. The error 

is calculated by the control programme on the basis o f dispersion of the six measurements.

3.2.3 Demagnetisation experiments

The theory of alternating field and thermal demagnetisation experiments was 

discussed in section 2.1.4. A D-tech D-2000 Alternating Field Demagnetizer was used 

for a.f. experiments, of the static type. This system consists of a coil set, D-2000 

controller unit and Crest amplifier controlled by a laptop computer. The demagnetising 

chamber was orientated normal to the local ambient magnetic field to minimise direct 

signal effects in the centre of the chamber. The peak field available for alternating field 

demagnetisation ranged from 5.0 to 2000.0 Oe (0.5 to 200.0 mT). Decay rate 

increments were available in a 0.0001 to 0.01 mT/ cycle range and a 0.001 mT/ cycle 

rate was used during experiments. Stepwise alternating field demagnetisation was 

carried out on one b-specimen per site in order to compare to components obtained in 

thermal demagnetisation. Steps used were 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 

120, 145, 170 and 200 mT. Limited a.f. data was obtained due to technical problems.
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An ASC Scientific TD-48 Thermal Demagnetizer was used for thermal 

demagnetisation. This system comprises oven/cooler unit and power supply units. 

During operation, the oven/cooler unit can heat and cool sample boats simultaneously. 

The whole system is protected from ambient magnetic fields by a five-layer shield 

system. An a.f. coil was employed to remove remanent magnetisation in the cooling 

chamber. Inside the unit, the residual field is below the resolution of a Fluxgate 

magnetometer (<1 mG). Three thermocouples measure the temperature in the oven at 

the centre and ends. Thermocouple readings are fed back to the power supply unit 

where three Watlow 935 Controllers regulate the oven current. Fans in the cooling 

chamber speed cooling rates.

Stepwise thermal demagnetisation was initially carried out on a specimen from 

each site as a pilot study using the following steps: 0, 100, 200, 250, 300, 330, 360, 400, 

450, 475, 500, 550, 575, 600, 625, 650 and 680 °C. The experiment was continued until 

intensity was below 5% of the original NRM. Bulk demagnetisation was carried out 

with steps based on the thermal spectra obtained in the pilot studies, and in some cases 

one or two steps were added or removed accordingly.

Each sample boat has a capacity of 50 specimens, but typically only 33 specimens 

were demagnetised in the centre of the boat. The full boat was not used to avoid the so 

called ‘edge’ effects in the oven and cooling chambers. Magnetic edge effects arise from 

the slight, unavoidable stray magnetic fields present in the cooling chamber mouths 

which could not be eliminated by the shielding equipment. It is essential that specimens 

cool in field-free space so that when magnetic grains that have grown from phase 

transformations cool through their blocking temperature they do not acquire a 

magnetisation. Specimens were reversed along their z-axes (Figure 3.1b) in successive 

demagnetisation runs to look for ‘Christmas tree’ (zigzag) patterns on Zijderveld plots 

(section 2.1.4), indicative of such a direct field.

Thermal edge effects arise from temperature gradients in the oven. A number of 

tests were performed during heating runs using previously demagnetised samples 

containing a thermocouple and cement. It was then possible to plot the temperature-time 

evolution of different parts of the oven. Figure 3.4 shows the pattern established from 

ramping up to a 575°C setpoint over the period of an hour. In this Figure, the oven inner 

end is hotter than the outer end. The same result was obtained when thermocouples 

were placed in alternative positions. The conclusion of this work was that more uniform 

temperatures profiles were obtained along the length of the oven when the temperature
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was set to 20°C below the final expected value for 15 to 20 minutes, then to the intended 

value for a further 30 to 40 minutes after this initial period in order to eliminate 

overshoot. The total time required for equilibration is dictated by the temperature: lower 

temperatures require shorter equilibration times.

(a) Calibration to 575 degC (t.couples switched)

(0

s
I
Ï

I
E0)

600

500 --K

400
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25
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60100
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(b) Calibration to 575 degC
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Figure 3.4. Change of tem perature with time, in the oven, (a) Tem perature profiles across oven. 

Numbers on legend give time in minutes after start of experim ent, (b) Tem perature growth profile 

through time for 5 thermocouples.
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3.2.4 Impulse Magnétiser. Kappa Bridge and Shielding equipment

Given the discussion in section 2.1 regarding the growth of magnetite grains due 

to heating leading to unwanted secondary magnetisation, steps were taken to remove m 

the samples from any ambient magnetic field. In order to counteract this problem, two 

sets of field-free space Hermholtz coils were used. They were built at University College 

London, and used around the mouth of the cooling chamber of the thermal demagnetiser 

and the pick-up unit of the spinner magnetometer. Power supplied to three axes of coils 

was adjusted to achieve a field of less than 5 x lO'^T, measured with a fluxgate 

magnetometer. Outside of the coils, specimens were stored in double shielded |Li-metal 

boxes, again to avoid the unwanted acquisition of viscous remanent magnetisation during 

storage.

Magnetic susceptibility and anisotropy of magnetic susceptibility were measured 

to monitor mineralogical changes and to examine rock fabrics. A KLY-2 Kappa Bridge 

made by Agico was used to measure bulk susceptibility on samples of known volume and 

anisotropy of magnetic susceptibility (A.M.S.) at room temperature. The system consists 

of measurement box and control box, with remote computer operation and logging. 

Sensitivity is to 4x 10'* S.I. units and measurements can be taken in the range -0.5 x 10  ̂

to 200 X 10'̂  S.I. units over 11 measuring ranges. The specimen is subject to a small 

magnetic field, and the induced magnetisation can then be measured (Figure 2.1a,b,c). 

Bulk susceptibility and remanent magnetisation were measured after each temperature 

step, and changes in mineralogy were monitored. Bulk susceptibility measurements were 

stopped when it was clear that no significant mineralogical changes were occurring in a 

particular site during thermal demagnetisation experiments. Anisotropy of Magnetic 

Susceptibility (AMS) of each site was assessed by placing specimens in a sequence of 15 

different positions in the same Kappa Bridge, from which a computer programme 

computed a best fit tensor.

3.2.5 Rock Magnetic Experiments

These experiments were performed on specimens in order to establish the 

mineralogy of carriers of Natural Remanent Magnetisation (NRM). An ASC Model 

IM10-30 Impulse Magnetizer was used to magnetise samples along one axis at a time. A 

short duration pulse in the range 0.03 T to 0.1 T for the larger coil (size 2) and 0.15 to

2.7 T for the smaller coil (size 3) was applied. Acquisition of Isothermal Remanent 

Magnetisation (IRM) experiments were performed by stepwise magnetisation using the
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impulse magnétiser with the following steps: 0, 0.025, 0.05, 0.075, 0.100, 0.15, 0.20, 

0.25, 0.30, 0.35, 0.40, 0.50, 0.60, 0.80, 1.00, 1.20, 1.50, 1.80, 2.10 and 2.40 Tesla (T). 

Magnetisations given to the x, y and z axes Figure 3.1b were based on the results of IRM 

acquisition experiments, but were typically the 0-0.1, 0.1-0.4 and 0.4-2.2 T windows 

were examined (section 2.1.6). Thermal Demagnetisation of IRM was performed using 

the technique of Lowrie (1990).

3.2.6 Data Analysis

Zijderveld diagrams (Zijderveld, 1967) were examined to look for stable 

components of remanent magnetisation. In the case where such components were 

identifiable, a best-fit linear regression line was found using the IAPD92 analysis 

programme. Specimens were rejected when they showed anomalous demagnetisation 

behaviour such as those caused by lightning strikes or misorientation. Components were 

then grouped by site, and an error was calculated using the Fisher (1953) distribution 

discussed in section 2.3.2. Initially sample coordinates were converted to geographic 

coordinates by a correction. A tectonic correction was then applied to the components 

in ‘geographic’ coordinates by rotating components about a horizontal axis parallel to 

strike, though an angle equal to dip. In the case where components overlapped, a great 

circle analysis was performed. Any non-overlapping linear segments were included, and 

these contributed towards a maximum likelihood estimate of the mean direction based on 

the technique of McFadden and McElhinny (1988).

Sites were analysed to look for statistically significant fold-tests in order to 

constrain the timing of magnetisation when there was sufficient variation in dip. This 

was done using the F statistic based on precision parameter ratios (McElhinny, 1964) as 

well as a more complex statistical approach (McFadden and Jones, 1981).

3.2.7 Treatment of Palaeomagnetic Declination and Inclination

Once a palaeomagnetic vector has been defined in a rock it can be compared to 

others, in order to examine tectonic movements. Butler (1992, p.270) outlined two 

approaches. First, a direction-space approach examines the differences between 

expected and observed declinations and inclinations. If the expected pole has 

coordinates {D, I) and the observed pole has coordinates {D„, I,,), then the inclination 

change is

AI = I - 1„ 3.1

and the vertical axis rotation is:

R = D - Do 3.2.
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Secondly, the pole-space approach compares the observed pole to a reference pole 

derived from apparent polar wander paths (APWP). The latitudinal transport and 

vertical axis rotation can be calculated using the cosine rule. The direction-space 

technique was preferred for this study, as nearby reference poles are available, and it is a 

much simpler calculation. Inclination data could then instead be used to help validate the 

timing of magnetisation and inclinations are compared in this study to those established 

in Iberia.

As discussed in section 1.4.4 Iberia was rotated anticlockwise during the 

Cretaceous by the opening of the Bay of Biscay. Figure 3.5 shows a schematic 

representation of the expected poles for the time ranges of successful palaeomagnetic 

sites in this study. A number of different values in the expected declination (D) and 

inclination (7) for Iberia have been used in studies of palaeomagnetism and tectonics in 

this region. VanderVoo (1967) initially suggested that Iberia had been rotated by 35°. 

This is consistent with studies of Jurassic magnetostratigraphy for Iberia, which have 

found Late Jurassic declinations of 324°, 328°, 322° and 325° (Juarez et a l, 1994, 

Galbrun, et a l, 1990, Steiner et a l, 1985, Schott et a l, 1981, respectively). The 

reference poles of Westphal et a l (1986) are based on kinematic data of Savostin et a l 

(1986) and generally give results closer to north for Iberia. Westphal et a l  examined this 

problem and suggested local tectonics or incorrect age determinations could contribute 

to this discrepancy. Palaeomagnetic studies of continuous, uninterrupted sections of 

Late Jurassic to Late Cretaceous rocks have found that 23 or 21° declination differences 

(Platzman and Lowrie, 1992, Moreau et a l, 1997). It is unlikely large rotations 

occurred in the Tertiary, so it appears that these palaeomagnetic studies, although 

affected by local tectonics, are more consistent with kinematic findings.
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^ ^  Time ranges '  —
Litholitis unit Ammonitico Rosso Capas Rojas
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Figure 3.5. Sim plified reference expected inclination and declination for the Subbetic during Mesozoic

and Cenozoic times with time ranges of rocks used highlighted. Based on W estphal et al. (1986) and 

others.

The solution most authors (Freeman et ciL, 1989, Platzman, 1992, Allerton et a i ,  

1993, Allerton, 1994, Platt et al., 1995, Kirker and McClelland, 1996) have adopted in 

their choice of expected direction has been to calculate them using the kinematically 

derived poles for Iberia of Westphal et al. (1986). The approach of this study is to do 

likewise, for the calculation of vertical axis rotations. D and I are calculated for the 

present-day site with latitude 1, and longitude ({),• using the reference pole ( \ „  (j),,) as 

follows:

2
tan I =

sin D =

tan p

cos\,sin((()^-(()J
sin p

3.3

3.4

where p is defined as:

cos p = sin k, sin Xp 4- cos cos Xp cos {(̂ p - ({),■) 3.5.

These formulae are determined using the sine rule and equation 2.5. Table 3.1 shows the 

results of calculating equations 3.3 and 3.4 using the Westphal et al. (1986) Apparent
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Polar Wander poles for the end of the Jurassic and the end of the Cretaceous, for the two 

study areas in the eastern and western Betics.

Location Time Ref pole Expected Expected

Lat Long 4 <t>P Declination Inclination

Western 36.8 355.0 Jurassic/ Cretaceous 63 232 337 41

Betics boundary

Eastern 37.8 357.8 Jurassic/ Cretaceous 63 232 338 41

Betics boundary

Western 36.8 355.0 Cretaceous/ Tertiary 78 184 358 53

Betics boundary

Eastern 37.8 357.8 Cretaceous/ Tertiary 78 184 359 55

Betics boundary

Table 3.1. Expected declinations/ inclinations for areas/ rocks in this study.

3.3 Structural Techniques

Much of the Subbetic has been mapped at a scale of 1:50000 and this information 

is published by the Institute Geologico y Minero de Espana (IGME). In this study, 

mapping of lithostratigraphy was only carried out only when errors in this published 

work were found. Structural mapping was carried out to assess the geometry of 

structures and the nature of stratigraphie boundaries, which are not as well documented. 

Principal structural measurements were of bedding and fault kinematics, and some data 

on fold vergences and cleavages was taken too. Measurements were made with a 

Freiberger compass-clinometer during field seasons of autumn 1995, spring 1996, 1997 

and autumn 1997. The geometry of structures such as folds and faults were traced using 

marker horizons in the stratigraphy.

Populations of lineations represent the motion between fault blocks; a slip vector 

in a moment in the history of the mountain belt. Together, they may be integrated with 

timing information to track transport directions and the development of the mountain 

belt. It is important to group the data properly, show that it is not rotated and that the 

timing information is correct. Fault kinematic data was collected on the brittle faults in 

the area, namely: orientation, slip direction and sense of shear and cross cutting 

relationships. Fault zones were identified primarily on the basis of stratigraphie offsets 

either on published geological maps or in the field. Once a fault was identified, 

individual outcrops were assessed as to their relevance to local transport directions and
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to large scale faults. The centres of faults were favoured where they could be 

discriminated over places close to tip lines and points in order to avoid the possibility of 

recording the less representative effects of lateral tip line migration as described by 

Coward and Potts (1983). Data collected by site was thus assumed to be descriptive of a 

fault zone.

Once individual outcrops or areas were chosen, a statistically significant set of 

data of 10 to 12 sets of data was collected, if there were enough to measure. Fault plane 

dip and dip-directions were measured along with lineation plunge and trends and sense 

of motion in each set to characterise each fault. Where possible lineation data was 

collected from across the width of the fault zone (orthogonal to fault surface) to remove 

bias effects such as rotated ‘shear pods’, local fault zone architecture and smaller cross 

cutting faults. Lineations chosen were mostly of calcite fibres and striations on fault 

surfaces. Calcite fibres are thought to be formed by pressure solution (Twiss and 

Moores, 1992, p288), possibly by a crack-seal process (Ramsay, 1980). Where possible, 

calcite fibres in shear fabrics were collected in conjunction with striations on the walls of 

faults. Fault surfaces were favoured with the largest wavelength variations in their 

surfaces and the longest striations because these are probably indicative of prolonged 

histories of motion. Mechanically formed slickensided surfaces are only useful if they are 

adjacent to a shear fabric giving a clear sense of shear.

Fault zone sense of shear was assessed by comparison to standard elements of 

fault architecture. In the Subbetic, brittle faults are the dominant type of fracture. Rutter 

et al. (1986) studied strike slip faults in the Subbetic and summarised fracture criteria 

and compared their findings to experimental data. Platt et al. (1989) listed a series of 

fracture criteria from faults in the Makran, such as slickensides, fibre lineation and 

fracture criteria including Riedel shear intersections. Sense of shear was also established 

in fault zones by examining shear fabrics for shear band/ slip surface relationships such as 

those described by Lister and Snoke (1984). Reidel shears and fracture systematics 

(Petit, 1987) were also looked for. Step structures on fibre lineations were examined 

(Gay, 1970) as a much less certain method of resolving sense of shear. Also taken into 

consideration was drag on beds, stratigraphie offsets and identifiably offset beds. Some 

of these fractures and foliations are shown on Figure 3.6.
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Figure 3.6. Typical fractures found in clay-bearing fault gouges of the Subbetic, and fault kinematic 

systematics. Senses of shear modified after Petit (1987) and Rutter et al. (1986).

Data analysis was performed using computer programmes. Site means were 

calculated on the assumption that lineations were unidirectional and hence the Fisher 

distribution (Fisher, 1953) was applicable (section 2.3.2). Bingham statistics were 

calculated using an orientation matrix (Bingham, 1974) to examine trends such as folds 

as this distribution is much better for finding planar trends in data (section 2.3.3, Onsett, 

1980).
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Chapter 4, Thrust tectonics in a rifted basin,

4.1 Introduction

The Subbetic of southern Spain is an external Alpine fold and thrust belt, part of 

the Betic Cordillera. There was a significant Miocene shortening event documented by 

Banks and Warburton (1991). The Subbetic lies in the most western part of what would 

have been the Tethys Ocean (Savostin, et a l, 1986, Westphal et a l, 1986) and has a 

Mesozoic stratigraphy similar to many Tethyan Mesozoic sequences. The preshortening 

history of sedimentation was highly influenced by Mesozoic rift activity (Garcia- 

Hernandez et a l, 1980). A regional plate tectonic reconstruction by Dewey et a l  (1989) 

shows sinistral motion between Africa and Europe until late Cretaceous time (Figure 

1.3). Palaeomagnetic studies throughout the Subbetic have shown it has been subject to 

differential, systematically clockwise, rotations about a vertical axis (Platzman, 1992, 

Allerton et a l, 1993) probably during the Miocene (Allerton et a l, 1993). If the timing 

of rotation can be justifiably linked to shortening, the combination of shortening and 

rotation suggests that dextral oblique convergence was dominant during some or all of 

the shortening history. What structures then can be found in sediments affected by 

rifting and oblique convergence ?

As discussed in chapter 1, thrust tectonics may be loosely described by a set of 

geometrical mles governing the development of fold and thrust belts, which may or may 

not involve reference to the forces that drive their progressive deformation. Central to 

these rules are a number of assumptions, some of which will be challenged in this 

chapter. These assumptions include amongst others the use of a layer-cake stratigraphy. 

This assumption complicates the equal area balancing technique as described by Mitra 

and Namson (1989), and the validity of assuming equal bed lengths for the line balancing 

technique, as described by Dahlstrom (1969).

This structural study focuses on the Velez Blanco area, province of Almeiia, 

southern Spain, whose location is shown on (Figure 1.4). Local and regional structural 

studies of the area have advanced; (i) nappe reconstructions with a major mountain belt 

scale subhorizontal detachment surface dividing the Velez Blanco area (IGME, 1972), 

(ii) wrench tectonics (DeSmet, 1984), (iii) thrust tectonic views with opposing 

palaeogeographic reconstmctions (Banks and Warburton, 1991) and (Blankenship,
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1992). These hypotheses are summarised on Figure 4.1a,b,c. They each have different 

implications for regional tectonics.

The aim of this chapter is to follow the history of a basin from the onset of rifting 

and deposition to its subsequent shortening during oblique convergence. I begin with a 

detailed description of Miocene tectonics and the stratigraphy. Rifting structures and the 

subsequent structures formed from deformation in a fold and thrust belt will then be 

discussed. Furthermore, published work that gives misleading information on the Velez 

Blanco area will be corrected. This discussion will also provide a context in which to 

place kinematic and palaeomagnetic data discussed in later chapters.

4.1.1. Miocene to recent tectonics

The Betic Cordillera has been subject to a complex history of deformation 

influenced by a number of regional tectonic phenomena some of which are discussed in 

chapter 1. According to the fold-and-thrust belt reconstructions of Garcia-Hemandez et 

al. (1980) and Banks and Warburton (1991) the Internal Subbetic was the most 

southerly palaeogeographic unit in the External zones. It will consequently have been 

subject to the entire period of shortening, given the overall net motion of the External 

Zones relative to the Iberian foreland was behind the northward moving Internal Zones. 

These two studies reflect the ‘telescoped’ view of palaeogeography whereby the original 

order of palaeogeographic units is the current order from N to S. Blankenship (1992) 

advanced an alternative order (Figure 1.5) but retained the Internal Subbetic as the most 

southerly unit. A more detailed discussion of Betic palaeogeography can be found in 

chapter 1.

Internal Subbetic folding began during the late Burdigalian (Paquet, 1968). 

Lonergan et al. (1994) found fault sealing data that showed motion on the Internal/ 

External Zone boundary ended in the Langhian. Banks and Warburton (1991) suggested 

that the Subbetic Frontal Thrust was active during the Serravallian.

The resultant structure of the Eastern Subbetic as found by Banks and Warburton 

(1991) from seismic and borehole data is shown on a cross section in Figure 4.1b. It 

shows obliquely stacked forward and back thrust duplexes against a triangular Internal 

Zone indenter. The Crevillente fault zone was a dextral strike-slip fault for much of its 

history, but in the last 5 Ma, has been sinistral (Allerton and Platt, unpublished 

manuscript).
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4.2 The Subbetic Basin

The details of the stratigraphy are important for structural mapping as it provides 

numerous horizontal datums and time markers. The sedimentary evolution of the 

Subbetic, a Tethyan margin, will now be examined. Furthermore, the stratigraphy will be 

shown to be a key influence on the structural and kinematic evolution of the Subbetic 

during the Miocene.

4.2.1 Stratigraphy

The stratigraphy of the area has been studied extensively. A Dutch group in the 

1970’s published a number of papers (e.g. Geel, 1973, Geel et a l, 1975, Wittink, 1975, 

DeClerq et a l, 1975a,b) on both the Velez Blanco and Caravaca areas (Figure 1.4). 

This work included the basis for the current published geological map (IGME, 1972). A 

generalised stratigraphie column is shown on Figure 4.2. Thicknesses of the 

lithostratigraphic units are based on Hermes (1978) who reviewed the entire sequence in 

detail. There are, however, widespread variations in the thicknesses of mappable units. 

More recently, the Jurassic and Cretaceous stratigraphy of the Subbetic was studied by 

Rey (1993), who logged numerous sections across the area and applied backstripping 

techniques.

The following sections will detail the rock units as shown on the stratigraphie 

column (Figure 4.2), the structural map (Figure 4.3) and on map 1. On figure 4.3 some 

stratigraphie units that are distinguishable in the field have been merged together, in 

order to simplify the map pattern. Merging rock units has the advantage of showing 

major surfaces more clearly and allowing more data to be plotted on a larger scale, 

without the confusion of small topographic outliers.

Internal Zones.

Two of the three tectonic complexes that make up the Internal Zones are exposed 

in the southeast comer of the area (Figure 4.3). The Malaguide Complex is composed of 

non-metamorphosed to slightly metamorphosed upper Silurian or Devonian to middle 

Eocene sediments. The Alpujarride Complex comprises greenschist facies phyllites, 

quartzites and carbonate rocks (Geel, 1973).

External Zones.

Triassic. No rocks older than Triassic have been found associated with other Subbetic 

rocks either at the surface or in the boreholes described by Banks and Warburton (1991) 

or Blankenship (1992). The Triassic was presumably deposited on the metamorphic 

Iberian
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Figure 4.3. Structural map of the Velez Blanco area, showing calculated fold axis trends and plunges. 
Reference numbers are on table 4.1. See figure 1.4 for location of area.
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basement. Generally, the Subbetic Trias is of the ‘Germanic type’ seen over much of 

Europe for this time period: continental deposits of sandstones, mudstones and 

evaporites. Perez-Lopez (1996) advanced a coastal-plain facies model for Late Triassic 

Keuper facies evaporites. These continental rocks are difficult to date in the absence of 

fossils, but they are thought to be mostly upper Triassic. An important aspect of the 

Keuper is that it often provides an easy decollement horizon (Garcia-Hernandez et a l, 

1980). Although Triassic rocks account for a small amount of surface exposure in the 

Velez Blanco area and they only appearing at the surface to the NW of the Sierra de 

Maria, they form a significant stratigraphie thickness in the regional sequence of up to 

1000m. The lack of exposure here is a consequence of the local structural arrangement. 

Jurassic. Platform carbonates were predominantly deposited during this time period. 

The present-day geomorphology of the area is dominated by limestone karst that forms 

the high topography.

Liassic sediments of the Gavilan Formation are mostly dolomites and algal 

limestones. A red Liassic limestone containing abundant bivalve shells is a prominent 

marker horizon traceable in the Sierra de Maria and El Gabar (Figure 4.3). This red 

limestone is known as the Lithiotis limestone. The Lithiotis limestone was probably 

deposited in shallow marine carbonate banks which, immediately prior to the onset of 

carbonate platform break-up (Rey et a l, 1990), were probably isolated from the South 

Iberian platform by a seaway with more hemipelagic sediments. The palaeogeographic 

zone in which these rocks were deposited may have also included the Median Subbetic. 

The Lithiotis limestone is used in this study for palaeomagnetic work. The Dogger and 

Malm units of the Maimon Formation (Geel, 1973) are mostly oolitic, peloidal and 

crinoidal limestones. The overlying Tollo formation (Geel et a l, 1975) contains deeper 

water radiolarian limestones. The time range of this formation is typically Kimmeridgian 

and Tithonian.

The tops of these Jurassic limestone sections are commonly marked by a red 

nodular limestones in the Tollo Formation (Figure 4.2). These red limestones are known 

regionally as the ammonitico rosso facies. This facies is common in the Jurassic of the 

Subbetic, as well as the Alpine Mediterranean Jurassic. Marl-rich layers are interlayered 

with lime-rich nodular layers. Jeynkins (1974) in a comprehensive review of the facies, 

suggested the nodules have an early diagenetic origin, formed by rhythmic nucléation 

around fossiliferous layers. He attributed a very slowly accumulating sediment column 

(3 mm/ 10^a) as the critical factor contributing to nodule nucléation. The significance of
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these rocks is that they are important for palaeomagnetic work, and have been used to 

solve tectonic problems (e.g. Platzman, 1992) and constrain magnetostratigraphy (e.g. 

Ogg et a l, 1986).

The ammonitico rosso represents the time when platform carbonate 

sedimentation ended in the Internal Subbetic. Lithospheric extension was the likely 

cause of this platform drowning and resulted in the onset of post-rift subsidence and 

sedimentation around horst and graben structures. As a result, ammonitico rosso 

horizons are absent from many sections, or extremely thin. The variability may be due to 

submarine currents, subaerial erosion, soil creep or the topographic effects of normal 

faults.

Lower Cretaceous. The oldest unit in this time range is the Calderon Formation (Kuhry 

et a l, 1975). It consists of green Berriasian and Neocomian radiolarian cherts 

interbedded with white marls. This is overlain by a sequence of Aptian-Albian green- 

grey mudstones and marlstones of the same formation. Organic material and the 

occurrence of pyrite concretions in the mudstone suggest that they were deposited in 

low-oxygen or anoxic waters, presumably in a distal setting. A dozen horizons of 

normally graded turbidites containing almost exclusively reworked oolites are spread 

throughout the sequence. Likely nearby sources of such oolites are the Jurassic 

limestone blocks that would have been subject to differential vertical motions during 

extension. Erosion and subsequent redeposition from hillsides such as the Pena 

Casanova (Figure 4.3) is a hypothesis favoured by some authors (Kuhry, 1975, Wittink, 

1975, Vera et a l, 1990). These authors identify particular source outcrops, although 

given the thrust faulting and folding in the area, it is difficult justifying an association 

between a given deposit with such particular locations. These oolitic horizons 

nonetheless provide an excellent marker datum for assessing the intense folding these 

pelites are subject to.

Upper Cretaceous. Cenomanian-Turonian deposits are predominately white laminated 

limestones with a strong cleavage and intercalations of chert horizons. These 

calciturbidites contain a prominent 2 m thick black organic rich anoxic horizon which has 

been linked to the Cenomanian-Turonian boundary event (Thurow and Kuhnt, 1986) and 

provides a useful marker horizon for field mapping.

During Late Turonian time, marly limestones with planktonic foraminifera 

(Globotruncana) began to be deposited. These sediments are characteristic of deep- 

water pelagic settings with fine grained detrital inputs. Slump horizons occur at a
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number of levels. The older parts of these sections are white, and the younger parts are 

red and orange. This unit is extremely conspicuous in the field. Across the Subbetic 

they are known as the capas rojas facies. In the Italian Apennines these same facies are 

known as scaglia rossa facies and in France they are known as couches rouges facies. 

These rocks are ideal for palaeomagnetic work and have been the subject of studies in 

both the western and eastern Betics, as well as across the western Mediterranean 

(VandenBurg, 1979). The characteristic red colour reflects a component of pigmentary 

haematite which may be imparted by volcanism elsewhere in the region (Allerton et al, 

1993, Collinson, 1974). In this region it often has a pervasive cleavage. Deposition of 

this gravitationally emplaced lithofacies continued until Maastrichtian time or even 

Palaeogene time in the case of some outcrops in the NW comer of the Velez Blanco area 

(IGME, 1972). Campanian-Maastrichtian deposits can be distinguished as they contain 

foraminifera large enough to be visible with a handlens in the field and this allows 

younging directions on meso-scale folds to be assessed.

Tertiary. These rocks were described by Wittink (1975) who examined a section from 

the Las Almoyas area, and divided them into a lower, Barahona Formation and an upper, 

Almoyas' Formation. Many of the sediments deposited prior to the onset of deformation 

in this area are turbidites. Such ‘gravitational’ deposits might be associated with regional 

seismicity and cmstal thickening in the Internal Zones, where blueschist grade 

metamorphism in the deepest Nevado-Filabride unit peaked at 48 Ma (Monie et a l, 

1991), although they may have been too far palaeogeographically separated to be 

significant. Three units are recognisable in the field, a white marl unit, an interbedded 

marl and turbidite unit and a more massive turbidite unit. The stratigraphy (Figure 4.2) 

broadly reflects a coarsening upwards sequence during the Early Tertiary. Eocene 

nummulitic limestones form easily identifiable packets of sediment near the top of the 

column. Deposition continued in the Internal Eastern Subbetic until the late Burdigalian 

when significant folding began (Paquet, 1968).

Post-orogenic deposits. These are useful in constraining the timing of deformation, if 

high resolution biostratigraphy is applied. Biostratigraphic work on these units was, 

however, carried out some years ago (IGME, 1972, Hermes, 1976) and may need to be 

revised to fit current biozones. The syn- and post-orogenic sediments deposited in the

’ Note: The name ‘Las Almoyas’, given to a hillside and a forestry settlement in the Velez Blanco area, 
is used in the literature and on published maps. The phonetically equivalent name ‘Las Almohallas’ is 
used on local road signs.
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Velez Blanco area began to be deposited earlier than those in the Prebetic further north 

and hence reflect northward propagation of the thrust front.

Even allowing for the effect of eustacy, which is of the order of 100m (Haq et a l, 

1987), uplift associated with mountain building has occurred. A mildly deformed 

Langhian marine basin is located to the north of the Velez Blanco village, at a height of 

900m. Falling palaeowater depths are clearly seen in the larger basins outside the Velez 

Blanco area such as the Lorca and Barranda-Los Royos basins, which contain Tortonian 

conglomerates, Messinian evaporites and younger fluvial sediments deposited in a 

subaerial setting.

A Burdigalian limestone appears in the north of the Velez Blanco area. Folds in 

these rocks are difficult to date as they may result from activity on the Crevillente fault 

which has continued as sinistral strike-slip to recent time. Bedding within this unit is 

difficult to identify, but appears to truncate downwards onto a N-dipping erosion 

surface. This might be a northward progradation pattern reflecting rapid deposition and 

a N-dipping accretionary wedge palaeoslope associated with prograding reef front 

deposits.

Intermediate Zones. This unit must not be confused with the ‘Intermediate units’, a 

palaeogeographic unit of slope deposits located between the Subbetic and Prebetic by 

amongst others Garcia-Hernandez et a l (1980). Geel (1973) and Lonergan et a l (1994) 

correlate the three formations of the Intermediate Zones in the Velez Blanco area; 

Cuidad de Granada, Solana and Bspejos, with the Internal Zones, quoting stratigraphie 

relationships with the Malaguide formation in the Sierra Espuha. The most important 

unit is the Espejos formation as it appears north of the Sierra de Maria. This unit is the 

most comparable to a ‘flysch’. It is a coarse immature sandstone interlayered with 

muddy horizons and conglomerate beds. The facies maybe interpreted as having been 

deposited in a foreland basin setting. This interpretation constrains the timing of 

deposition to immediately prior to, or simultaneous with, the onset of Subbetic 

deformation.

4.2.2. Pre-shortening history

The events described in this section occurred in the overall context of plate 

tectonics for the region discussed in chapter 1 and shown on Figure 1.6 and Dewey et a l 

(1989). Africa-Europe motions are well constrained by seafloor spreading data, but 

independent motion of the Alboran domain between Africa and Europe is less well
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constrained. Basic volcanism in the Subbetic began in late Triassic time, and continued 

through the Jurassic, but peaked during the Liassic. Puga et a l (1989) showed the 

chemical compositions changed from tholeiite to sodic-alkaline in the middle Jurassic and 

suggested that this was due to the onset of transtension; sinistrally oblique extension. All 

volcanism had intra-plate signatures. Reicherter et a l (1993) studied Early Cretaceous 

palaeogeography of the Western Subbetic and Prebetic and concluded that extension 

occurring in the Western Tethys during the Early Cretaceous was a response to the 

opening of the Bay of Biscay and anticlockwise rotation of Iberia during this time 

(Carey, 1958). The extension discussed by Reicherter et a l (1993) had a strong sinistral 

component which is consistent with the plate motion solutions of Dewey et a l (1989).

Hermes (1978) remarked that although the Liassic and Late Cretaceous 

stratigraphies are generally uniform across the area. Dogger, Malm and Early Cretaceous 

sediments are much more heterogeneous. This reflects carbonate platform break-up, 

normal faulting and subsequent graben infilling during post-rift subsidence. Hermes 

(1978) divided the stratigraphy of the region across palaeogeographic units into four 

main depositional stages based on the geological history: Red Bed, Carbonate platform. 

Transitional and Marl-Turbidite stage. Figure 4.2 shows a qualitative plot of 

palaeowater depths after Haq et a l  (1987), Rey (1993) and Reicherter et a l (1993). 

Deeper water during the Cretaceous is due to high sea level during this time (Haq et a l,

1987) and thermal subsidence. Shallowing water depth during the Tertiary was due to 

the global fall in sea-level, the end of thermal subsidence, an increased sedimentation rate 

and latterly, the onset of shortening. A full discussion of palaeowater depth is beyond 

the scope of this study. There are large uncertainties in the waterdepths, on the order of 

10̂  m, during the Cretaceous which are constrained only by CCD depths of the N 

Atlantic. Rey (1998) attempted to account for this by placing upper and lower limits to 

tectonic subsidence, which in some cases differ by a factor of two as a consequence of 

this uncertainty.

In light of this discussion of rifting, it would be useful to examine the practical 

implications for the stratigraphy. Figure 4.4 shows stratigraphie sequences for specific 

localities in the Velez Blanco area using the results of field mapping and in some cases 

data from available literature. A simplified stratigraphie column from that shown in 

Figure 4.2 has been used, which hides some of the erosion surfaces within the Jurassic 

unit. For example, the erosion of Malm and Dogger units on Pena Casanova and Muela
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Chic a can be seen on the cross section on Figure 4.5b.

Figure 4.4 reveals the significant variations in stratigraphy that occur within and 

between thrust sheets. One cause of these variations may reflect differences between 

palaeogeographic units. The Median Subbetic, exposed to the north of the Velez Blanco 

area, is characterised by a thinner stratigraphie column comprising deeper water 

sediments deposited in a basinal setting. There is a gradational boundary between the 

Internal and Median Subbetic in the NW comer of the area. Molina and Ruiz-Ortiz 

(1993) describe gradational boundaries between the External and Median Subbetic. 

Variations in palaeogeography are more likely to be smooth changes (albeit punctuated 

by faults) rather than steep boundaries.

Another cause of stratigraphie variations between thmst sheets may be related to 

rifting. Rifting can often lead to erosion, isolation of topographic highs resulting in 

hiatuses and concentration of sedimentation to low-lying areas (Reading, 1986). Such 

features are characteristic of the Velez Blanco area. It is unclear the degree to which 

Mesozoic subaerial exposure occurred. Allerton et al. (1994) found a section of upper 

Cretaceous 'capas rojas' lying unconformably on a partly silicified surface of Jurassic 

oolitic limestone near the Barranco Salada. Similar hard brownish irregular surfaces are 

common in the Velez Blanco area. Although these surfaces may have been generated by 

surface exposure in recent time, silicification is unlikely to occur in a subaerial setting, 

but may well be related to a submarine hardground. Gorman et al. (1993) described 

cherts in oolitic limestones and attributed them to diagenesis during gaps in 

sedimentation when the redox boundary was stationary. Silica becomes more soluble in 

pore fluids when this boundary is static and hence cherts begin to nucleate at times of 

non-deposition.

The widespread stratigraphie unconformities and hiatuses, seen in the area have 

important implications for cross-section construction. Line balancing (Dahlstrom, 1969) 

requires the assumption that bed lengths are equal throughout the stratigraphy. Equal 

area balancing (Mitra and Namson, 1989) requires the assumption of a layer cake 

stratigraphy in order to use a standard stratigraphie templates. These assumptions are 

difficult to justify. This leads to greater uncertainties over the amount of shortening, and 

to what extent structures can be inferred at depth on cross sections in the absence of 

independent data. These are considerations that will be discussed in following sections.
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4.3. Structural study

This section will attempt to resolve some of the widely differing views of general 

Subbetic structure. Structures in the Velez Blanco area (Figure 4.3, 4.5), which may be 

regarded as a typical part of the Internal Subbetic, will be discussed, independent of 

palaeomagnetic data or detailed kinematic data. Structural data will be presented 

showing that the Subbetic is best viewed as a fold and thrust belt. Field techniques such 

as fault identification were discussed in chapter 2. It is important to note that fault 

displacement estimated from stratigraphie throws may sometimes be misleading when 

significant erosion or depositional hiatuses have occurred.

4.3.1. Thrust faulting and burial

Competence contrasts arise from relative rheological properties of different rock 

types adjacent to one another. The multilayer stratigraphy has two bands of more 

competent material within it. These contribute to the characteristic deformational 

behaviour. For example, the Jurassic and Tertiary which, maintaining their thicknesses 

on deformation, are more prone to fracture and are less ductile than the Triassic and 

Cretaceous. Weaknesses are points on the curve of Figure 4.2 of ‘low competence’ such 

as the Albian-Aptian marls of the Calderon Formation. Little detachment occurs in these 

marls despite the weakness of this level. This may be due to the significant topography 

that may have existed at the end of the Jurassic. Such topography would have led to 

sedimentation by local basin infilling during the Middle to Late Cretaceous. 

Consequently, an irregular pre-shortening subcrop pattern would leave no continuous 

horizontal surface for motion to occur on.

No metamorphic minerals are identifiable in the field or in thin section. The 

results of anisotropy of magnetic susceptibility (AMS) experiments discussed in chapter 

6 find no significant systematic fabrics and consequently there is likely to be little or no 

strain fabric in these rocks. Ammonites found in ammonitico rosso sections did not 

show any distortion. Faint cleavages in Late Cretaceous rocks are difficult to distinguish 

from jointing as they are only defined by pressure solution, and are inconsistent with fold 

axes. A spaced cleavage in Almoyas Formation turbidites correlates more clearly with 

fold axes around the hillside ‘Las Almoyas’ (Figure 4.3) than the cleavages in the 

Cretaceous rocks.

It is unlikely that the rocks in the Velez Blanco area were subject to large 

amounts of erosion, shortening or burial as the post-orogenic deposits in this area were 

deposited soon after thrusting, and are only mildly deformed. Reicherter et al. (1993)
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found in a kerogen analysis of Albian-Aptian sediments sampled near Granada that burial 

could not have exceeded 1000m. There is no reason why this result cannot be 

extrapolated to the Velez Blanco area.

4.3.2 Folding

Bedding was measured in the Velez Blanco area in an variety of Subbetic rocks. 

Many measurements sites were transects of structures along dry stream beds. Horizons 

where syn-sedimentary slump folding was recognised were avoided. Sites were chosen 

to cross folds that are not cut by significant faults. Fold axis trends and plunges have 

been calculated from this data. Fold axes were calculated by fitting a great circle girdle, 

or profile plane (Figure 4.6 and McClay, 1987, p.46) through the bedding poles using the 

assumption bedding measurements are sampled from a Bingham distribution. The pole 

to the girdle is the third eigenvector of the orientation matrix (see Bingham, 1974 and 

section 2.3.3). In some cases folds could not be well resolved when only straight fold 

limbs sections or insufficient variation in dip was sampled.

Pole to
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horizontal axis
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PlungeFormation 

of vergence
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Profile plane or 
girdle plane _

Direction 
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Figure 4.6. Diagram to illustrate elements o f fold morphology.

The resulting data is given as fold hinge trend and plunges on Table 4.1. Fold 

axis trends are plotted on Figure 4.3. The technique of calculating girdles is insensitive 

to axial planar dip which is assumed to be vertical. Fold vergences, usually S-directed 

using the convention of Bell (1981), are common in the area, particularly in the more 

incompetent Cretaceous layers. This gives rise to the possibility of a small error when
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these vergent folds have a plunge as can be seen on Figure 4.6. The axial plane of a 

plunging fold will be apparently rotated anticlockwise in the case when a fold is formed 

as a cylindrical buckle fold, develops a plunge and then develops a vergence. This 

problem may be resolved by considering nearby folds with eastward and westward 

plunges. By examining the folds closely on Figure 4.3 it can be seen they are 

approximately antipodally distributed. This suggests that either the folds develop plunge 

at a late stage, or folds initiate with vergence.

IGME Grid Ref. n Fold A xis Location
Site East North Trend Plunge

S I 7479 3587 12 *** Serrata de Guadalupe
S2 7439 3522 14 165 20 Pena Casanova
S4 7354 3557 12 103 20 Cortijo de las Moreras
S5 7344 3522 8 63 4 Cerro del M olino
S6 7409 3567 22 240 19 Rio Caramel
S7 7344 3530 22 71 10 B co del Sabinar
S8 7327 3514 6 50 15 Boo Salada
S9 7444 3492 25 193 29 Taibena Gorge
SIO 7445 3495 10 56 3 S. o f Taibena Gorge
S l l 7451 3502 11 280 6 DA
S12 7435 3507 12 20 45 DB
S13 7459 3449 4 -0 5 4 0 Far end Taibena Klippe
S14 7418 3553 4 -0 4 5 0 GA
S15 7403 3587 16 269 15 Campillo de las Monijas
S16 7244 3428 5 -0 5 5 1 Orce
S17 7388 3520 10 -1 3 5 45 SE Gabar
SIS 7243 3428 10 -1 5 2 38 DF (Orce sheet)
S19 7468 3590 16 281 24 DG Serrata de Guadalupe
S20 7325 3530 6 54 6 N  Salada (42b)
S21 7325 3530 12 246 0 42d
S22 7405 3584 8 -3 3 8 42 CA Campillio de las Monijas
S23 7404 3484 12 -2 9 5 12 LA
S24 7411 3486 9 268 11 BA
S25 7452 3575 12 -2 4 2 25 MB
S26 7438 3573 7 -0 1 6 34 MC
S27 7348 3527 10 -2 8 5 15 CB
S28 7356 3562 15 250 10 CC
S29 7593 3542 7 -1 8 0 20 LB
S30 7589 3545 12 340 35 CD
S31 7533 3607 10 358 21 AA
S32 7447 3553 16 226 0 AB
S33 7427 3559 16 -2 1 7 15 TA
S34 7413 3552 12 35 4 CE
S50 7385 3462 45 263 1 1-Sierra de Maria
S51 7385 3452 51 72 19 2n-Sierra de Maria
S52 7385 3444 50 272 1 2r-Sierra de Maria
S53 7380 3435 57 -2 6 1 26 3-Sierra de Maria
S54 7383 3428 38 -0 5 7 54 4-S ierra de Maria
Table 4.1. Fold axes of the Velez Blanco area. Continued overleaf.
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Site
IGME Grid Ref. n Fold Axis Location
East North Trend Plunge

856 7390 3556 12 86 22 N/E of Gabar
857 7477 3583 11 316 20 Centre/ N of Serr de Guad.
858 7483 3592 16 74 5 NE Serr de Guad
859 7255 3418 14 266 27 Westernmost Sa de Ma.
860 7290 3570 11 225 1 Casa Nueva
861 7308 3558 16 73 5 951 Sheet
862 7371 3578 15 68 0 Bco de la Bastida
863 7408 3606 15 285 19 Pre-orogenic Coll de la Umbria
864 7406 3606 14 297 5 Post-orogenic
865 7303 3444 15 249 20 Puntal del Medio Dia
866 7308 3500 18 94 18 Cerro de Juan Serrano
867 7423 3520 20 342 34 N of Piedra Bermejas
868 7425 3526 8 4 3 S end Ra del Cajar
869 7352 3533 8 231 2 W of Gabar
870 7373 3556 11 84 17 N of Gabar
871 7508 3524 11 346 32 NE Gigante
872 7348 3565 14 243 3 Around 'derde'
873 7337 3592 7 25 28 Pre-O NW corner
874 7342 3602 17 341 14 Post-O NW corner
875 7410 3534 15 81 1 Las Almohallas
876 7307 3534 14 272 4 Bco de la Aguila
878 7433 3551 16 73 1 Las Almohallas- Post-O
880 8 260 2 Stream junc.
881 7302 3444 28 82 23 Puntal del Morral
882 7470 3610 14 254 3 E of Rambla Mayor
883 7475 3617 17 221 7 E of Rambla Mayor
884 7546 3555 14 208 13 S of Rio Luchena
885 7453 3617 7 74 23 W of Rambla Mayor
886 7459 3627 10 226 2 Ra del Cantar
887 7488 3603 14 45 8 NW Serrata de Guadalupe
888 7523 3588 12 337 20 N of Pericay
889 7356 3517 15 262 1 Top end Barranco del Sabinar
890 7352 3518 10 84 8 Barranco del Sabinar
891 7530 3510 7 -263 32 East of Gigante
892 7528 7527 12 250 5 South of Morra del Tabaco
893 7533 7588 10 -002 28 NNE of Pericay
894 7520 3607 12 266 22 North of Las Talas
895 7412 3552 9 281 13 W of Barranco Las Almohallas
896 7418 3553 9 103 10 Barranco Las Almohallas
897 7460 3523 15 85 7 Barranco de los Estepares
898 7475 3553 12 -067 20 Collado de la Sima
899 7458 3593 12 255 5 NE Serrata de Guadalupe
8100 7425 3528 11 289 20 W of Pena Casnova
8101 7523 3607 12 022 15 El Selvajo

Table 4.1. Fold axes and composite bedding for the Velez Blanco area. SI to S34, collected 1996, S50 

to 881 collected 1997, 582 to 899 collected 1998. -000  implies girdle is poorly defined, n = number of 

data points in calculation. Grid references from IGME (1972). Locations from Servicio Geographico 

del Ejercito (1983) and palaeomagnetic drill sites, also listed in Appendix 1.
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The axial planar fold traces mapped by IGME (1972) are marked by an ‘M’ on 

Figure 4.3 and they are comparable to those of this study in some cases. A uniform 

trend of fold axis across the area is particularly noticeable around the Gabar area. Folds 

may form in a number of orientations in relation to the transport direction, dependent 

upon the relative contributions of pure and non-coaxial simple shear (e.g. Sanderson, 

1973). They may form as a geometrically necessary consequence of thrust faulting and 

lateral ramps (Frizon de Lamotte et al., 1995), or they may be formed before or after 

thrusting as a result of motion independent of faulting. In the north of the area, NNF- 

striking fold trends are oblique to the main FNF-striking trend of fold axes across the 

area to the south. This could be due to strike-slip motion on the Crevillente fault zone. 

Folds near this fault have been measured in both pre and syn-orogenic sediments and are 

parallel to one another (S63/S64 and S73/S74 in the north of Figure 4.1). This suggests 

that they may have been folded contemporaneously, but after the main shortening event.

There is evidence that fold wavelength and orientation are controlled partly by 

lithology. Tertiary turbidite outcrops of the Almoyas Formation (Figure 4.2) form 

resistant hilltops and sit on finer marly sequences of the Barahona Formation. These 

underlying marls are more locally deformed and strained than the units above. Small 

scale folding is common in Cretaceous rocks whereas folding in Jurassic rocks is harder 

to define as bedding is less well defined. Folds axes in the Cretaceous units are 

commonly subparallel to the contacts with Jurassic units (Figure 4.3). This alignment 

effect in Cretaceous rocks may be associated with two factors. First, Jurassic blocks 

play the dominant role in deformation being the most competent unit (Figure 4.2) and 

secondly minor folds are parasitic features parallel to major folded surfaces which have 

been subsequently deformed by shortening and vertical axis rotation.

4.3.3 Fault linkage around El Gabar*

The isolated hill ‘FI Gabar’, is mapped as a Jurassic limestone cap surrounded by 

Cretaceous marls (Figure 4.3). This was used as evidence by IGMF (1972) for a ‘nappe’ 

hypothesis, as follows. According to IGMF (1972), the upper thrust sheet ‘Subbetico 

Intemo’ is composed mostly of mildly folded Jurassic limestones. The lower thrust sheet 

is composed of highly folded Cretaceous marls of the ‘Subbetico’, a different 

palaeogeographic unit. This is illustrated on Figure 4.1a which was taken from a cross- 

section on this published map.
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The results of field mapping cast doubt on this structural and palaeogeographic 

interpretation. A continuous stratigraphie section of Liassic through to Tertiary 

sediments dips NE and is highlighted on Figure 4.7a by a thin dotted line. This result 

contradicts the IGME (1972) view that a thrust fault bounds the base of the Jurassic 

outcrop and shows thrust sheets are rooted in this area. Four thrust sheets are identified 

on Figure 4.7a. Clear field examples of stratigraphie offsets across faults can be seen for 

each case. The interpreted structure is shown in the context of the area on Figure 4.5a,c. 

A more detailed cross section shows the F-W  structure on Figure 4.7b. The southeast 

corner of the area is poorly exposed and the fault location here is inferred. The WSW- 

striking faults that bound thrust sheets 2 and 3 decay in displacement towards the West 

of FI Gabar, where thinning wedges of Tertiary sediments can be seen in Figure 4.3. 

This change in structural style is reflected in this area by a change from thrusting into 

short wavelength folding. The thrust fault dividing sheets 2 and 3 is N-striking and is cut 

by the WSW-striking faults.
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4.3.4 The Sierra de Maria pop-up.

The structure of the Sierra de Maria will now be discussed. Figure 4.8 shows the 

Sierra de Maria is bound on all sides by thrust faults not strike-slip faults as predicted by 

DeSmet. Thrusting directions are shown on this diagram as arrows and are 

predominately NNW-directed and SSE-directed. The rocks are folded with N-dipping 

and S-dipping axial planes. Jadoon et a l (1994) described a pop-up in the Sulaiman 

range of Pakistan and suggested that this type of structure is characterised by a 

kinematically linked set of forward and back directed thrusts surrounding a triangular 

wedge of rock. These structures typically occur in association with layer-parallel 

shortening and frontal ramps. The southeast end of the cross section (I-F) on Figure 

4.5a illustrates the nature of this pop-up structure of the Sierra de Maria. The cross 

section is well constrained because of topographic variation on the east side that reveals 

the thrust continues through the village Velez Blanco, below the entire volume of rock. 

The deeper structure is uncertain. Geel (1973) suggested that the whole unit was 

initially folded and imbricated then cut later by a out-of-sequence basal fault that placed 

the whole unit on top of Intermediate Zone material. Out-of-sequence thrusts (Morley,

1988) typically occur relatively late during the deformation.

Geel (1973) estimated that the Intermediate Zone rocks were originally 

approximately 305 m thick. It is quite possible that these units could account for a 

significant part of the cross section. Outcrops of the Espejos formation (part of the 

Intermediate Zone) can be seen to the North of the Sierra de Maria, and whilst some of 

these slices may have been carried up on thrust faults to the top of the pile it is likely 

these outcrops are close to the top of the main unit. An E-W section (IV-IV’) illustrates 

this point on the left hand end of Figure 4.5d. Alternatively, these sediments may have 

been deposited directly on top of the Subbetic if the facies continued as far in space as 

here; this idea is entirely plausible in the most internal sections of the Subbetic, where the 

effects of lithospheric flexure in front of an orogenic front may have been felt and 

expressed in the sedimentary record as foreland basin sedimentation. The Espejos 

Formation was deposited in Oligocene to middle Miocene time (Geel, 1973). This 

coincides with syn-orogenic sedimentation in the Velez Blanco area dated as Late 

Burdigalian by Hermes (1976).

A major WSW-striking thrust cuts across the centre of the Sierra de Maria. This 

fault grows from an isoclinal syncline in a valley at the west end of the mountain range, 

into a thrust of significant displacement next to the village Velez Blanco (Figure 4.8).
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Given the geometry of this structure, it is likely that differential displacement has 

occurred along this fault. Shortening across the structure increases significantly from E 

to W (Andreo, 1990). It has been demonstrated that cumulative displacements increase 

towards the centres of faults (Cowie and Scholtz, 1992a,b, Dawers et a l, 1993), and 

although this fault cannot be traced beyond Velez Blanco, an asymmetric distribution of 

displacement is inferred as the displacement on the fault must decay to zero or be 

truncated by another structure, such as a strike-slip fault before it meets the Sierra de 

Muela to the East. This is comparable to a shortening structure observed by Allerton 

(1994) in the Sierra de Quipar. These thrust fault geometries could be termed restricted 

faults (Nicol et a l, 1996). These observations suggest that some or many of the thrust 

faults in this part of the Subbetic form with buckle folding as a precursor.

DeSmet (1984) suggested that the outcrop pattern of the Subbetic was more akin 

to that seen in strike slip zones than a zone of ‘nappe’ emplacement. He argued that 

regional tectonics had given rise to a dextrally transpressive zone, which was centred 

along the Crevillente fault zone. DeSmet’s (1984) estimate of 400 km displacement was 

based on a palaeogeographic offset argument comparing rocks seen in this area to those 

in the Balearic Islands. Cross sections showed that the dominant structures were ‘flower 

structures’ (Figure 4.1c). Positive flower structures are associated with strike-slip 

faulting, and in particular restraining bends (Sylvester, 1989). The complex map patterns 

of anastomising subparallel faults such as those seen in the Crevillente fault zone were 

interpreted using the wrench faulting hypothesis. There are two problems with this 

hypothesis. First, an implication of the model is that faults in the region are 

predominately strike slip faults with lineations subparallel to the fault planes. These are 

not seen in the field, as demonstrated in this section. Secondly, this is an ineffective 

shortening mechanism, as rocks are only obliquely placed on each other.

4.3.5. Timing of Extension.

Although the largest faults in the Velez Blanco area are thrust and reverse faults, 

a significant number of normal faults cut the rocks too. These faults have four possible 

origins. Mesozoic rifting, Miocene extension around shortening and rotation structures, 

extension in intra-montane basins associated with force balance and erosion within the 

mountain belt such as the Lorca and Barranda basins, and even the effects of Miocene 

late orogenic extension seen further south in the Alboran sea (Platt and Vissers, 1989) 

possibly associated with changes in the potential energy distribution of the entire 

lithosphere.
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Stratigraphie evidence for the timing of extension and periods of differential 

vertical motion comes from the distribution of the depositional hiatuses and erosion that 

have been documented in section 4.2.2 and the tectonic subsidence curves of Rey (1993, 

1998). For example, the Sierra de Muela (Figure 4.3) is an anticline with a NNW- 

dipping axial plane. The north side of the Sierra exposes a thin layer of Lower 

Cretaceous lying unconformably on Liassic dolomites. The contact is an eroded surface 

that probably records a period of extension when differential vertical motions are likely 

to have occurred. Other sedimentation hiatuses like the one in the Sierra de Muela are 

exposed throughout the region. The limestone surfaces at the bottom of these hiatuses 

are often silicified and up to a metre thick. Whilst these silicified surfaces do not always 

signify a stratigraphie unconformity, they often suggest it.

Structural evidence for Mesozoic rifting is preserved in thrust sheet 3 on the NW 

corner of El Gabar (Figure 4.7a). Here, a W-dipping fault plane of Jurassic limestone 

contains oblique lineations (Figure 4.7c), and divides oolitic Jurassic limestone from 

Lower Cretaceous rocks. The Lower Cretaceous rocks lie to the east in the hanging of 

this normal fault and contain debris flows with large clasts of oolitic limestone and 

reworked radiolarian cherts, likely to be eroded from the adjacent footwaii. Timing of 

motion is further constrained by chert concretions on the fault surface that are formed 

during diagenesis (Gorman et a i, 1993). These cherts are strongly lineated and cut by 

the fault. The fault extends across the Lower Cretaceous, but cannot be traced into the 

Upper Cretaceous, and so this may be taken as an upper limit to timing of fault sealing. 

It is not clear whether the Lower Cretaceous was deposited while the fault was active or 

whether it represents an infilling sediment around the fault, subsequent to motion. The 

sinistral obliquity of lineations observed on this fault plane (Figure 4.7c) may be due to 

northward Miocene tilting of thrust sheet 3 over thrust sheet 1. Another possibility is 

that this outcrop may be near the end of the fault and hence have lineations directed 

towards the centre of the hangingwall as reported by Roberts (1996). Figure 4.7b shows 

a cross section of the area, with the normal fault cut by a later thrust fault.

Other field examples of rift-related normal faulting are observed on the W-side of 

a small hill ‘Las Terjeras’, 1.5km NE of the village Maria and on the N-side of Pena 

Casanova (Figure 4.3). Surfaces on Las Terjeras are silicified on a 20m long fault plane. 

Pena Casanova exhibits a similar pattern. Here, the fault plane containing striated cherts 

is antithetic the direction of the normal fault expected for footwall/hangingwall sediment 

distributions. To the north and west of this fault, the Berriasian and Valanginian white
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marl of the Parra Formation is extremely thick and dominated by debris flow horizons. It 

is likely that significant erosion occurred within the area now part of a thrust sheet and 

this is represented in the Lower Cretaceous sequence deposited next to the fault.

4.4 Discussion

4.4.1. Implications of Mesozoic rifting for shortening

Jurassic rifting is recorded in the sedimentary record, in the stratigraphy and by

structures observable today in the field. Given that Mesozoic extension has occurred

(section 4.3.5), it would be useful to quantitatively assess the amount of extension. The

stretching factor, (3 defined by McKenzie (1978) provides a useful measure of

lithospheric extension where:

present _ length  ̂ ^
. . , , 4.1.original _ length

Methods for assessing the extension using fault displacements systematically 

underestimate p (Ziegler, 1983). Furthermore, there is limited information on normal 

faults from outcrops, which have been subsequently deformed. In the absence of crustal 

thinning information and heat flow data, the only accurate method for determining p is 

the analysis of subsidence data. If instantaneous stretching is assumed then following 

Sclater and Christie (1980),

Spc = 2 5 x 4.2.

where S fc is the sediment loaded fault controlled tectonic subsidence, and 2.5 represents 

the depth below sea-level of mid ocean ridges in kilometres, against which the rift 

subsidence is isostatically balanced. This calculation requires a standard temperature at 

the base of the lithosphere and crustal thickness which are reasonable in the context of 

stable Iberia. This approach is valid if the stretching time is less than 60/p^ My and is 

much simpler than fitting data to thermal subsidence curves such as those derived by 

McKenzie (1978). Rey (1998) suggested that the 2-4 principal syn-rift periods in this 

region in the Jurassic lasted for approximately 40 My.

Rey (1993, 1998) applied backstripping techniques to the stratigraphy of the 

Internal and External Subbetic including data from the Velez Blanco area. A series of 

highly differing subsidence histories across the region suggested there had been 

continued lithospheric extension throughout the Jurassic and Cretaceous which varied in
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extent. This conclusion was based on the assumption that numerous erosional 

discontinuities in the Subbetic stratigraphy are the consequence of tectonics not eustacy. 

The discontinuities reflect several distinct rifting events, expressed as regional 

sedimentary breaks. Examination of the shape of subsidence curves corrected for water 

and sediment load and mantle, Yd of Rey (1990), suggests the bulk of extension 

occurred during the Jurassic. Rey (1998) calculated that the fault controlled tectonic 

subsidence of basement was between 200 and 400m, corrected for sediment and water 

load for sections from the Internal Subbetic. These values are estimates and it should be 

noted that i) the tectonic subsidence actually decreases during the Malm, which might be 

a consequence of the uncertainties if the palaeowater depths of section 4.2.2 and ii) there 

are differing local subsidence histories likely to reflect small wavelength vertical 

displacements (Figure 4.4).

In the subsidence curves for the Cretaceous (Rey, 1993) extension appears to be 

comparatively small in terms of the total finite strain. This is because subsidence curves 

during this time, expressed as sinistral transtension, appear to be predominantly 

exponential and hence thermal (McKenzie, 1978) in character. The solution for equation

4.2 is then 1.08 < p < 1.19, representing approximately 10% extension. This technique 

is a very crude estimate of extension, as precise palaeowater depths are hard to 

constrain. However, it shows that beds have been stretched a small amount.

An important condition for the validity of cross sections has traditionally been 

that they balance (Dahlstrom, 1969). The rules advanced in his study were based on 

sections of the Alberta hills in the Canadian Rockies, which have a layer-cake 

stratigraphy. P factors of the order of 1.2 discussed in the previous section need to be 

accounted for when assessing bed lengths. Therefore Subbetic bed lengths will clearly be 

different between Jurassic and Late Cretaceous beds, and any line balance using Jurassic 

beds must take account of this factor when assessing shortening. Late Cretaceous beds 

are better for estimating shortening because it is unlikely anymore extension occurred 

here before the Miocene. Biermann (1995) found regional extension occurred during the 

Late Oligocene to earliest Miocene which may have affected the External zones, 

although there is little field evidence of major extension during this time in the Velez 

Blanco area. Although Late Cretaceous beds are not exposed as often and are more 

intensely folded than Jurassic beds, they still provide the best estimate of shortening 

using line balancing techniques. Area balancing, as mentioned previously in this chapter.
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is invalid in these rocks as thrust sheets show stratigraphie thickness variations (Figure 

4.4).

Allerton and Platt (unpublished manuscript) suggest that the non-rotated Sierra 

de Almirez reflects the local trend of horst and graben structures as they were during the 

Mesozoic. This is plausible as Africa moved ESE relative to Iberia during the Jurassic 

(Dewey et a l, 1989), which would give rise to NNE-striking normal faults.

The effect of lithospheric extension on the upper crust is the formation of 

approximately planar brittle faults containing gouge fabrics. In subsequent deformation 

events these may be reactivated as they form pre-existing weaknesses. There are 

however no field examples of inversion structures such as those described by Badley et 

a l (1989) characteristic of reactivation of normal faults, in this part of the Subbetic.

4.4.2 Reinterpretation of the Published map.

Problems with the published geological map (IGME, 1972) of the Velez Blanco 

area can the divided broadly into theoretical contradictions and observed discrepancies. 

Structures drawn on the map are based on the hypothesis that most of the Jurassic 

limestone in the area is part of a Penibetic nappe thrust south, as described in section

4.3.3. The published geological map assigns different rock units to two 

palaeogeographic units: Subbetic (mostly Cretaceous and Tertiary) and Penibetic (mostly 

Jurassic and lower Cretaceous). The implication of this ‘nappe’ model (Figure 4.1a) is 

the appearance of a series of windows and klippen that appear across the area. First, this 

interpretation is inherently contradictory. IGME (1972) locate the two palaeogeographic 

units as Penibetic to the south and Subbetic to the north. It is impossible for the internal 

southerly, Penibetic unit to be thrust southwards over the main Subbetic, more northerly 

unit. Secondly, the Penibetic is a palaeogeographic unit defined in the Campo de 

Gibraltar area of the Western Subbetic. The Penibetic is characterised as a carbonate 

platform finally drowned as late as the Albian. Typical processes occurring in some parts 

of the Penibetic during the Early Cretaceous were karstification, emersion, hiatuses and 

condensed pelagic swell deposits (Martin-Algarra, 1987). The sections of the Velez 

Blanco area are characterised by drowning during the Early Cretaceous, and hence these 

units are incorrectly categorised. Cross sections accompanying the published map 

suggest that the internal deformation of the upper thrust sheet is mostly by gentle folding 

(Figure 4.1a). Stratigraphie evidence indicates that this nappe could only be rooted in 

the External Subbetic, and hence would have to be transported at least 40 km. Major 

detachment surfaces are common in mountain belts, but it appears unlikely that a thrust
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sheet 1 km thick and 40 km long was transported in the absence of imbrication. Vitrinite 

reflectance data, from near Granada (Reicherter et al, 1993), suggests that none of the 

Median Subbetic was buried more than 1 km. The conclusion is then that the majority of 

the rocks in the Velez Blanco area are Internal Subbetic, with the exception of some in 

the NW corner of Figure 4.3, which are more characteristic of the Median Subbetic.

In some cases the published map is incorrect. In particular, the major faults are 

mislocated and their senses of displacement are misdirected. Examples of the wrong 

lithostratigraphic distribution on the map have also been found. Continuous stratigraphie 

sections occur in many areas where the map shows tectonic boundaries dividing 

Penibetic limestones from Subbetic marl. On the published map these boundaries 

coincide with Cretaceous-Jurassic contacts. Some of these boundaries have been 

reinterpreted as ‘continuous sections’ and are shown on Figure 4.4 as such. Examples of 

incorrect mapping include the ‘post-orogenic’ unit placed around ‘Las Almoyas’, an 

open broad syncline whose geometry is marked by a 3m thick horizon on the north and 

south sides of a hill at approximately 1000m height. The published map shows it as 

Burdigalian limestone. Field mapping reveals it is a continuation of the Tertiary 

sequence to the top given the presence near the summit of Eocene nummulitic units, 

although this is subject to a precise age determination as yet to be made.

The new interpretation of this study is summarised by cross sections shown in 

Figure 4.5a,b,c,d, the tectonic map on Figure 4.3 and map 1. These diagrams show the 

important faults in the area. If a palaeogeographic distinction were to be made, it would 

be more appropriate to divide the Internal Subbetic from the Median Subbetic that 

appears in the NW comer of the area, although this is a gradational distinction which is 

difficult to locate along one contact.

As discussed, the most suitable horizon for examining the shortening across the 

Velez Blanco area is the Late Cretaceous unit, as it is well exposed and not extended. 

Fractional shortening is calculated using equation 2.9 (after e.g. Hossack, 1979). Across 

cross section I-I’ (Figure 4.5a) the section is shortened by 32.1% to 15.1 km. Section II- 

II’ is shortened by 38.0% to 19.2 km. The slight difference in the two values is likely to 

be due to the errors in estimating thmst displacements. It is important to note this 

shortening is measured in rocks that have been subject to vertical axis rotation, and 

transport directions may not have originally been parallel to these cross sections. The 

cross sections (I-I’ and II-IF) are drawn orthogonal to the largest set of thmst faults 

however, so reflect a significant amount of the finite strain they have experienced.
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4.4.3. Thrust fault growth

Two explanations for thrust fault growth predominate. Deigel (1986) assumed 

that thrust faults propagate through undeformed foreland as blind thrusts with 

simultaneous layer-parallel shortening in the mechanically isotropic foreland. Coward 

and Potts (1983) favoured thrust fault growth as a consequence of buckle folding. 

Shortening is taken up on the vergent, asymmetric fold until displacement begins in the 

core of the fold. An implication of this second model is footwaii deformation.

Given the example in the Sierra de Maria (section 4.4.3) and examination of small 

scale thrust fault developed in the capas rojas unit the development of thrust faults in the 

Velez Blanco area appears to be as a consequence of folding. During fault propagation 

the footwaii is subject to a comparable degree of deformation as hangingwall. This is 

reasonable in the context of the multilayer stratigraphie sequence, that shows significant 

variations in competency. The fold tightens until it is no longer capable of taking up 

shortening, when a fault develops in the core of the syncline. This contrasts with 

hypotheses of fault growth which stress the importance of a tip line passing into an 

undeformed foreland.

Examples of large scale thrust faults from the Sierra de Maria and El Gabar 

(section 4.3.3) show a change of structural style and possibly the amount of displacement 

from east to west. Although transport directions expressed as thrust fault lineations are 

not likely to change significantly along the length of linked structures, a necessary 

condition for compatibility is a rotation about a vertical axis of the hanging wall relative 

to the footwaii of the thrust fault.

A full evaluation of strain is needed to assess the growth of thrust faults (Coward 

and Potts, 1983). This might be done using AMS measurements (Hrouda, 1982, Hrouda 

and Janak, 1986) around the length of small, outcrop scale thrusts faults. This was not 

done in this study, but further work could reveal the strain patterns around the lateral and 

frontal tips of the faults as well as the damage zones, where the tip lines of displacement 

would have propagated into, had the fault grown further. Sampling would be difficult as 

such zones are highly fractured.

4.5. Conclusion

This chapter has examined normal and thrust faulting and map reinterpretations 

of the Subbetic of southern Spain. The mountain belt is formed predominately from rift 

sediments deposited between Mesozoic and Burdigalian times. The preshortening
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history was of increasingly deeper water until the end of the Cretaceous. The effects of 

the multilayer stratigraphy on deformation such as folding has been examined. Normal 

faulting and rifting is constrained to Mesozoic time and the majority of this crustal strain 

occurred during the Jurassic.

This study favours a fold-and-thrust belt interpretation rather than a large scale 

nappe or wrench tectonic interpretation of the structural and stratigraphie observations. 

Cross sections for the External Subbetic (Figure 4.5) show the structure of this section 

of the Subbetic fold-and-thrust belt. The structure is dominated by a series of imbricated 

thrust faults. Fold axis trends are typically in the 40 to 80° range.

A number of examples of structures present in this zone of oblique convergence 

zone have been examined. The outcrop pattern of El Gabar is a consequence of a 

number of thrust faults. The Sierra de Maria forms a pop-up in the South of the area. 

Thrust fault geometries have been discussed and are thought to form from folds, and may 

have more than one origin.

Thin-skinned thrust tectonics in a rifted basin is clearly affected by the pre

shortening history. The rapid variations in stratigraphie thickness’ between and within 

thrust sheets may lead to variations in fold wavelengths (Biot, 1961). Estimates of 

shortening are more uncertain and the construction of balanced cross-sections are not 

valid, as it appears that thickening and thinning of thrust sheets can occur in a complex 

three dimensional pattern leading to non-unique solutions for restoration of bed lengths 

and thrust sheet areas. Furthermore estimates of extension (1.08 < P < 1.19) must be 

accounted for. Consequently, in order to understand the shortening history the entire 

history of the sediments must be considered, including the extension.
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Chapter 5. Palaeomaqnetism of the Eastern Subbetic.

Southeast Spain,

5.1 Introduction

The Subbetic Zone is a Miocene external fold-and-thrust belt in the Betic 

Cordillera, southern Spain. The Eastern Subbetic was divided into External, Median and 

Internal palaeogeographic units by Hermes (1978). This part of the Subbetic has been 

the subject of previous palaeomagnetic studies by Allerton et al. (1993, 1994), who 

found that large clockwise vertical axis rotations had occurred in the Subbetic.

The aim of this study is to define the previously determined pattern of vertical 

axis rotations more precisely and to put it in the context of the structural data presented 

in chapter 4. In their 1993 study, Allerton et a l defined two blocks; Engarbo and 

Almirez, between which there is a 60° difference in vertical axis rotation, shown on 

Figure 2b of that study. In this study, I examine the length scales over which these 

rotations occur, and the structures that develop in conjunction with the rotations. The 

aim of the work is to understand how these rotations are accommodated. Hypotheses to 

explain the causes of vertical axis rotation, are discussed in chapter 1, and some of these 

will be examined in this study. Consequently, sites were chosen to examine spatial 

variations in rotation across the Subbetic and between prominent structures such as 

thrust and strike-slip faults.

This chapter will present palaeomagnetic data from two study areas. The 

majority of data is taken from the Velez Blanco area in the Eastern Subbetic. This region 

forms part of the External Subbetic. A smaller study was conducted in a ‘klippe’ of 

External Subbetic overriding Prebetic rocks, SW of the village Nerpio, province of 

Murcia. The locations of both these areas are shown on Figure 1.4. The data of 

Allerton et a l (1993,1994) has been included with new data presented here.

A description of demagnetisation behaviour will be made first, including the 

results of rock magnetism experiments and the identification of carriers of natural 

remnant magnetisation (NRM). I will then discuss the results and implications of the 

pattern of vertical axis rotations for the tectonics of the region. The majority of sites 

sampled were in the Velez Blanco area (IGME, 1972). Data from two sites in the 

Nerpio area are discussed separately. Full details of theory and methodology are to be 

found in chapters 2 and 3.
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5.2 Demagnetisation behaviour and rock magnetism experiments.

Nine distinct rock units of different age and lithology were sampled from the 

Eastern Subbetic, and four provided useful data. These units can be identified on the 

stratigraphie column of Figure 4.2. Grid references and average intensity of NRM values 

for all specimens common to each site are shown on Table 3.1.

A green Berriasian siliceous limestone, interbedded with white marl, of the Tollo 

formation (Geel et a l, 1975), was sampled at site GA. Demagnetisation was not 

performed on this lithology as the intensity of NRM from this site was below the 

sensitivity of the magnetometer (0.02 mA/m). The Eocene microcodium turbidite unit, 

sampled at sites TA, TB, MA, MB, MC and ME also had insufficient NRM intensity to 

warrant demagnetisation. In the case of one of these sites, TA, a single component of 

magnetisation was found that was removed between 250 and 330°C. This component 

was also fully removed by an alternating field with a peak field of 60 mT, so is most 

likely to be carried by a sulphide. Components found in this temperature range were 

poorly defined for this site and had wide dispersion. There is evidence from other sites 

that this component might be secondary as some remagnetisation in this temperature 

range at other sites has occurred, so in the absence of a fold test for this rock type, this 

site was rejected.

Miocene rock units were sampled with the aim of constraining timing of rotation. 

A pre-orogenic Burdigalian mudstone (BA) and a post-orogenic Langhian calcarenite 

(LA, LB) were sampled but both had minimal intensity of NRM. A strongly magnetised 

red post-orogenic Burdigalian limestone was sampled at one locality, LC, on a hilltop. 

Zijderveld plots (section 2.1.4) for this site were characterised by strong magnetisations 

(average 15.3 mA/m, table 3.1) with straight lines decaying to the origin at 575°C and an 

example of this behaviour is shown on Figure 5.1a and site components picked in the 450 

to 550 °C range are shown on the stereoplot on Figure 5.1b corrected for bedding tilt. It 

is important to note the north axis on Figure 5.1a is much shorter so overexaggerates 

measurement error. The mean direction (051 /32) of high temperature components had a 

large (48.3°) OC9 5  confidence angle. Highly dispersed straight lines could suggest that the 

NRM might be a recent Isothermal Remnant Magnetisation (IRM). This is likely to be 

caused by lightning strike overprints, which give no information on the original 

orientation of magnetisation at this site.
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The palaeomagnetic behaviour of the 4 successful rock units with stable 

identifiable components during experiments in this study are now discussed. There are 

more details of their stratigraphie and sedimentary context in section 4.2.1. 

Measurements of magnetic susceptibility during a pilot study of thermal demagnetisation 

are shown for all three rock units from the Velez Blanco area and one unit from the 

Nerpio area are shown on Figure 5.2. This diagram shows that during thermal 

demagnetisation some increases in the magnetic susceptibility occurred. Increases in 

magnetic susceptibility can be due to the growth of new magnetic minerals by reactions 

such as the dehydration of goethite (section 2.1.5). This was not considered a problem 

as there was no corresponding increase in the magnetisation. Sample rf3-3 showed a 

significant increase in magnetic susceptibility between 400 and 450 °C, but in this 

interval, magnetisation dropped from 0.151 to 0.134 mA/m. The fields present in the 

oven (section 3.2.3) were very small. Furthermore, samples were placed in alternate 

directions for each successive step (z-axis. Figure 3.1b) in the oven, and if 

magnetisations were being acquired associated with new mineral growth, this should be 

identifiable on Zijderveld plots.
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No sites had significant anisotropy of magnetic susceptibility (AMS). Examples 

of P values, where P = k^ax/ k în, the ratio of the long to short principal axes of magnetic 

susceptibility, are listed on Table 5.1, and are the order of 1-2%. Furthermore, principal 

axes were directionally inconsistent within sites. Limited numbers of alternating field 

demagnetisation experiments were performed due to technical problems, so the majority 

of cleaning was performed using the thermal demagnetisation technique.

5.2.1 Lithiotis facies and Dogger age units

Sites RF, IM and DF were sampled from a red shelly limestone in the Sierra de 

Maria. It has been described by Rey et al. (1990) as the Lithiotis limestone, deposited in 

shallow marine carbonate banks. It is a grey to reddish micritic limestone with many well 

bedded horizons packed with bivalves which are mostly represented by a sparry 

replacement cement.

Many cores taken had low initial intensity of NRM, but those that were 

successfully demagnetised had a low temperature component between 0 and 200°C 

(Figure 5.1c,d) and a high temperature component that was often undetectable with the 

magnetometer above 600°C. The result of a thermal demagnetisation of 3-component 

artificial isothermal remnant magnetisation (IRM) experiment (Lowrie, 1990) is shown 

on Figure 5.3a,b, with the latter having intensities normalised to the initial IRM at 0 °C. 

A high coercivity mineral demagnetising at 675°C suggests haematite was present if the 

curve is smoothly extrapolated beyond 600°C. The concavity of this curve between 100 

and 200 °C suggests goethite. A low coercivity mineral demagnetising at 575°C 

suggests magnetite was present in this sample. The presence of haematite meant that full 

cleaning could not be achieved during alternating field experiments even at high peak 

fields (200 mT).

5.2.2 Ammonitico rosso facies unit

Sites DA, AA, AC, AD, AH and AJ were sampled from ammonitico rosso facies 

rocks, which are defined and described in section 4.2.1. The red to pink marly nodular 

limestone, containing ammonites in the of the Velez Blanco area (Internal Subbetic) was 

dated as Tithonian- Berriasian by Geel (1973) and Hermes (1978). Many of the beds are 

very thin, so material was taken from the underlying more massive grey units although 

samples from these beds commonly had low NRM (<0.1 mA/m). Assuming sediment 

accumulation rates are comparable to magnetisation acquisition rates, the effects of
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Figure 5.3. Results of rock magnetic experiments for Dogger (figures a,b), ammonitico rosso (figures c, 

d) capas rojas (figures e and f) rock units. The theoretical hasis to these experiments are presented in 

section 2.1.6 and Lowrie (1990). The rock unit sampled in the Nerpio area is shown on figures g and h. 

Acquisition of isothermal rem nant m agnetisation is shown in figures a, c and e, thermal 

dem agnetisation for low, medium and high coercivity fractions (diamonds, squares and triangles 

respectively) are shown on figures h, d and f. M agnetisation intensities are norm alised to initial IRM at 

0 °C, the values of which are shown also. Mag = M agnetisation (mA/ m).
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secular variation of the geomagnetic field around the north pole are likely to be 

negligible. This is because specimens have a 2.4 cm diameter, secular variation occurs 

on a 10  ̂year time scale and Jenkyns (1974) estimated that these rocks were deposited at 

a rate of 3 mm/ 10̂  years.

A low temperature component is removed between 0 and 200° C, and a high 

temperature component is removed from 450°C to below a measurable amount by 600°C 

during thermal demagnetisation. Figure 5.1e,f shows typical demagnetisation behaviour 

for a sample, with a magnetic reversal recorded by the high temperature component. 

Demagnetisation of IRM experiments (Figure 5.3c,d) show that NRM is carried by a 

mixture of low, medium and high coercivity minerals, which are all demagnetised by 

600°C. This probably contains amongst other minerals, a mixture of firstly magnetite, 

secondly titanohaematite, as the Curie temperature appears to be low, and thirdly 

Goethite. Sites AC and AD were taken from nearby locations and as there are not 

enough well defined components the data is grouped together as ACD on Table 5.1, but 

this composite site is not plotted on Figure 5.4, as it has a high (X 9 5  angle.

5.2.3 Capas roias unit

Sites CA, CB, CC, CE, CG, CH, CJ, CK and CM were sampled from rocks of 

the capas rojas facies. This is a bright orange limestone described in section 4.2.1. 

Hermes (1978) discussed this unit briefly, and it was named as the Taibena formation by 

Geel (1973). Deformation has left a cleavage or jointing pattern in these limestones, as 

there is a significant mud fraction. The age of these rocks is Campanian-Maastrictian, 

but in this area the facies began as a redder limestone during the Turonian. In the NW 

corner of the Velez Blanco area (Figure 5.4), IGME (1972) suggested that the facies 

continued there into the Palaeogene.

In addition to low (0 to 200°C) and high temperature components (450 to 575/600°C) 

shown on Figure 5.1g,h some sites have an intermediate temperature component, 

although it is difficult to distinguish and statistically group these. A thermal 

demagnetisation of multicomponent IRM experiment is shown on Figure 5.3e,f and 

reveals the predominant carrier of magnetisation is a low coercivity mineral 

demagnetising at 575°C which is likely to be magnetite. Some cores have a small 

amount of magnetisation up to 680°C, indicating the probable presence of haematite.
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Figure 5.4. Geological map of the Velez Blanco area, showing palaeomagnetically determiner 
axis rotations. All sites are corrected for the rotation of Iberia. Note: Uncertainties are on 
palaeomagnetic declination, not rotation. See figure 1.4 for location o f area.
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5.2.4 Sites from the Nerpio area

The location of the study area, referred from now as the Nerpio area is located on 

Figure 1.4. Palaeomagnetic sampling of blocks and field mapping was carried out in this 

area in November 1995. Sites BJ and ZF were sampled using block samples. 

Lithologically they are similar to the Late Jurassic ammonitico rosso rocks of the Velez 

Blanco area, characterised by layers of red-pink nodular limestone containing ammonites 

interlayered with thin marl horizons. These External Subbetic rocks are dated as 

Aalenian by IGME (1977) and are overlain with massive grey limestone units.

The magnetic properties of this unit are similar to the Lithiotis! Dogger unit of 

section 5.2.1. Thermal demagnetisation of NRM revealed high and low temperature 

components as shown on Figure 5.1i,j. Results of a thermal demagnetisation of IRM 

experiment are shown on Figure 5.3g,h. The predominant carrier of magnetisation is a 

low coercivity mineral demagnetising at 575°C, probably magnetite. Furthermore the 

high coercivity curve can probably be extrapolated to 680 °C, suggesting haematite.

5.3 Results of this study

The results of thermal and alternating field experiments on all sites with useful 

data are shown on Table 5.1 with site mean statistics calculated using the Fisher 

distribution (Fisher, 1953). Data from Allerton et al. (1993, 1994) are included at the 

bottom of this table. The present day magnetic field, calculated for 37°N latitude, 

averaged for secular variation, is 000/56° (declination/inclination). All low temperature 

components (Figure 5.5i) overlap with a present day magnetic field within the 95% level 

of confidence. This represents a viscous remnant magnetisation (VRM) overprint caused 

by the present day magnetic field and commonly seen in most Tethyan limestones 

(Lowrie and Heller, 1982), and confirms the orientation technique is correct.
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Figure 5.5. High temperature component site means from the Eastern Subbetic before tectonic 

correction (a, c, e, g) and after tectonic correction (b, d, f, b). G roupings are by rock unit in Velez 

Blanco area: Dogger/ Lithiotis (a, b), ammonitico rosso (c, d) and capas rojas (e,t"). M eans for the 

Nerpio area are shown on g and b. (i) shows all low tem perature com ponent means, (j) shows composite 

means calculated for blocks. Small circles show Fisher otgs confidence cones. No correction is made for 

the rotation of Iberia except for (i).
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Figure 5.5 (continued).

High temperature component site means are plotted on Figure 5.5(a to h) before and 

after tectonic correction with Fisher (1953) 95% confidence cones (section 2.3.3) for 

each of the four rock units. If high temperature components are primary, characteristic 

remnances, the total amount of rotation about a vertical axis of each site since deposition 

can be calculated from the difference between the observed and expected declination of 

rocks of these ages, using the method outlined in section 3.2.7. The result of this 

calculation is shown on Table 5.1 under the column labelled ‘Vert, axis rotation’ using 

the method outlined in section 3.2.7 using a stable Dogger and Late Jurassic expected 

declination for the Eastern Betics of 338° and a Late Cretaceous direction of 359°.
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Sites with very large CX95 uncertainties have been rejected, or listed separately on 

table 6.1. Sites RF, ACD, IM and CG have comparatively large uncertainties too, this 

explains their anomalous inclinations in some cases on Figure 5.5.

5.3.1 Timing of magnetisation

There is evidence from different sources that the high temperature, characteristic 

remanent magnetisation (ChRM) components (450°C and above) from the Eastern 

Subbetic are a primary magnetisation associated with the orientation of the sites soon 

after their deposition. The first line of evidence is that geomagnetic reversals are 

recorded in high temperature components (Figure 5.1c) in 8  out of 17 sites (Table 5.1, 

column ‘r’) and in three of the four successful rock units. A synfolding remnance is 

likely to be acquired quickly with a unidirectional sense. A technique for assessing 

wheter reversed remanences are drawn from the same population as the remanences with 

normal polarity is presented by McFadden and McBlhinny (1982). The technique 

requires the comparison of the angle between mean normal and mean reversed directions 

(Yo) with a calculated critical angle (Yc). The results of these calculations are shown on 

Table 5.2. In only one case is there a conclusive, positive result. This may be due to 

two reasons. First, there are only a limited number of directions defining the reversals. 

Secondly, there may be some overlap with the low temperature component in some 

cases, clearly, this effect will be more greatly pronounced in the cases of reversed high 

temperature components.

Site To Yc Hr Result Class
AA 26.6 22.7 1 - R-i

ACD 64.3 61.8 3 - R-
AH 16.7 2 2 . 6 2 + Ro
AJ 5.5 13.1 5 + Rc
CG 27.6 2 0 . 6 3 - R-
CH 11.8 24.3 1 + Roi
CJ 40.6 18.6 1 - R-i

Table 5.2. Results of reversals test, using the notation of McFadden and McElhinny (1982). Yo is the 

observed angle between the mean normal and reversed polarity directions. Yc is the critical angle. 

Results are given as positive (+) or negative (-). The reversal test (R) outcomes are classified as negative 

(R-), positive with the angle between the poles between 10 and 20° (Rc) or indeterminate (Ro). Suffix 

‘i’ indicates only one independent reversal was used for comparison.
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The second line of evidence for primary magnetisation comes from fold test. The 

results of two fold tests in the Gabar area on gently folded rocks are shown in Figure 5.6. 

The precision parameter (kappa, k) is highest at the unfolding end, suggesting that 

magnetisation was acquired before this folding episode occurred, in sites in the 

ammonitico rosso (AJ) and capas rojas (CM) units. At site AJ the critical F-value 1.98 

(McElhinny, 1964) was exceeded with an observed k ratio 5.6, and at site CM the 

critical F-value 2.12 (McElhinny, 1964) was exceeded with an observed 5.24, both at the 

95% significance level. Although the k peak is not at the precise end of Figure 5.6, this 

could be due to error, as it is not possible to show statistically that this is a syn-folding 

remanence. Some soft sedimentary slumping occurred in the capas rojas unit before 

compaction and diagenesis, but field inspection showed slumping was an unlikely 

explanation for the observed geometry of site CM, and that the origin of folding at this 

site was tectonic. It must be noted that the wavelength of folding in these two examples 

is of the order of metres, however. This conclusion is consistent with the findings of 

Allerton et al. (1993) who performed fold tests on 7 true folds and 5 structurally 

coherent blocks across the Subbetic, some with much larger fold wavelengths.

9 0  -

8 0

Site AJ 

Site CM

Critical value- AJ 

Critical value- CM

7 0  --

20  "

0 10 20 3 0 4 0 5 0 6 0 7 0 8 0 9 0 100
% unfolding

Figure 5.6. Fold tests for the Velez Blanco area. See table 4.1 for site locations. For Site AJ, the 

critical value (M cElhinny, 1964) kmax/kmin is 1.8 and the observed ratio is 5.6. For site CM the critical 

ratio (M cElhinny, 1964) is 2.12, observed is 6.24. The confidence level used is 95%.

An third line of evidence for primary magnetisation comes from a continuous 

Jurassic-Cretaceous stratigraphie sequence on the NE flank of El Gabar between sites AJ 

and CH (Figure 4.7a). No major faults cross this section contrary to the major thrust 

shown on the published geological map (IGME, 1972). Sites in the Gabar area have a 

constant amount of rotation (Figure 5.4), 50 to 60°, so differential rotation between
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these sites is unlikely. A difference of 15 ±14° seen between sites AJ (ammontico rosso) 

and CH {capas rojas) is consistent with the rotation of Iberia during the Early 

Cretaceous (Platzman and Lowrie, 1992, Moreau et a l, 1997, section 3.2.7). An F-test 

at the 95% level of significance (McFadden and Lowes, 1981) shows that the two sites 

are statistically separate, as the calculated F-value, 0.66, exceeds the F-critical value 

0.16.

Mean inclinations for all site means together were calculated using equation 2.15. 

The inclination mean for the Velez Blanco area ammonitico rosso sites in Allerton et al. 

(1993) is 35.3 ±5.3° and for capas rojas sites in Allerton et al. (1994) is 30.3 ±10.3°. 

The mean for the Dogger/ Lithiotis unit including the Nerpio area is 38.7°. The 

ammonitico rosso mean is 39.8 ±8.7°. For the capas rojas, the mean is 36.3 ±3.0° 

which is slightly shallow for the Late Cretaceous. The expected values are 41° for the 

Jurassic and 55° for the Late Cretaceous (Westphal et a l, 1986). The inclination 

flattening in Cretaceous rocks may be due to two factors. First, the pole of Westphal et 

al. may have considerable uncertainty, particularly if Iberia was located further south 

than they estimated. Secondly, compaction of the sediment will have occurred during 

burial diagenesis. The original sediment is likely have been very rich in hydrated minerals 

and water. Lowrie and Heller (1982) studied the scaglia rossa in Italy, which is an 

equivalent lithology, however, and found no inclination flattening. The deposition of 

these rocks is by turbidity flows, and remnances are likely to be due to postdepositional 

alignment. AMS studies would be expected to give an oblate fabric if flattening had 

occurred namely that kmin «  kint = kmax (which are the minimum, intermediate and 

maximum principal axes of magnetic susceptibility). There is little correlation between 

the minimum axis and bedding poles in this study, so these shallow inclinations remain 

problematic. It should be noted that if the anomalous inclinations were caused by 

remagnetisation during deformation, they would be steeper not shallower than expected.

Remagnetisation associated with Miocene folding in the Western Subbetic was 

identified by Villalain et al. (1994, 1996). Allerton et al. (1993) discussed the possibility 

this phenomenon occurred in the Eastern Subbetic too, and identified a three component 

behaviour in some ammonitico rosso sites in the Eastern Subbetic. Three component 

sites are close to the Crevillente fault. Allerton et al. (1994) rejected site B172 from the 

capas rojas unit because it was in the overturned limb of a fold and gave a result 

inconsistent with other adjacent sites, probably because it was remagnetised. Two sites
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close to the Crevillente fault, CA and CJ (Figure 5.4) were taken from a large, kilometric 

scale, S-vergent syncline in the Velez Blanco area and some evidence for remagnetisation 

is present. Site CA shows significant overprints below 500°C. The northern, 

subvertically dipping limb of site CJ is intensely deformed, and pervasively fractured, and 

the original magnetisation appears to be overprinted by this folding episode. Otherwise, 

thermal demagnetisation behaviour in this study was characteristically two component. 

This shows that sites in the Velez Blanco area have been mostly unaffected by 

remagnetisation.

The youngest successful rock unit is the capas rojas, Turonian to Maastrictian in 

age. Vertical axis rotation of these sites may have occurred at any time post deposition 

so the timing of rotation during the Tertiary in particular cannot be constrained by 

biostratigraphic means. Tertiary sediments in this area record almost continuous 

deposition until the Burdigalian (Geel, 1973, Hermes, 1978), and although they are 

dominated by gravitational deposits suggestive of vertical movements in the region, 

previous work has suggested it is unlikely major deformation occurred within the 

Subbetic. Allerton et a l (1993) studied rotations in the Sierra de Espuna, where the 

Malaguide complex is exposed. The Malaguide Complex is part of the Internal Zones 

and was located palaeogeographically southeast of the Subbetic prior to the onset of 

deformation. The study found evidence that vertical axis rotation may have commenced 

here during Oligocene times. Lonergan and White (1997) examined the possibility that 

some pre-Miocene rotation may have occurred, but concur with Allerton et al. (1993) 

that the majority of rotational deformation is likely to be linked to Miocene shortening.

5.4 Map distribution and discussion

5.4.1 The Velez Blanco area

Vertical axis rotations from Table 5.1 are shown on Figure 5.4. This data gives 

more detail to the pattern shown by Allerton et al. (1993) for the Velez Blanco area, 

where they identified three major blocks: Engarbo, Almirez and Sierra de Maria. The 

Engarbo area corresponds to the Sierra Larga and the Almirez area corresponds to the 

Pericay area, both on Figure 5.4, although the latter extends further north to include the 

Sierra de Almirez (Figure 1.4).

Total vertical axis rotations of Figure 5.4, where Jurassic sites are corrected for 

the rotation of Iberia, are plotted on a simpler diagram on Figure 5.7. In order to 

examine the possibility of defining ‘zones of comparable vertical axis rotation’ zones or
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geographic domains have been delimited on Figure 5.7. Mean site statistics are 

combined for each such zone and calculated as a mean using Fisher statistics, shown on 

Table 5.3. Differential rotation has apparently occurred between the Gabar and the 

Almirez and Engarbo areas, but the evidence in this study suggests that the variation in 

rotation appears to be over a wide zone, of kilometric scale, rather than along a discrete 

boundary such as an individual fault. Furthermore, the 95% confidence angles are large 

for each area, hence not well defined, so the idea of defining rigid blocks is less useful 

here. The area around ‘El Gabar’ is a large area of constant rotation. Site CG is 

probably an outlier. Cores were taken at CG from a long disrupted section, so this data 

may be erroneous. Some uncertainty exists over the orientation of the Sierra de Maria 

block, as site B208 (Allerton et a l, 1993) was taken from overturned beds, and there is a 

large uncertainty in the applied tectonic tilt correction (106°).
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Figure 5.7. M ain tectonic units of the Velez Blanco area. Total vertical axis rotations are shown with 

CX95 confidence angles, and these represent declination values corrected for the rotation of Iberia. Area 

covered is the same as that in figure 5.1. Tectonic units are defined by zones of com parable vertical axis 

rotation. Site locations are at small black circles.
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No Name Declination 0̂95 n

1 Guadalupe 015 12 4

2 Gabar 055 8 10

3 Maria/ Muela 088 12 5

Table 5.3. Site means for zones of comparable vertical axis rotation, n is the number of site means 

contributing to this block mean. Block locations are shown on Figure 5.7. Inclinations are omitted 

because statistics are calculated with a mixture of Cretaceous and Jurassic sites with different expected 

magnitudes. The mean statistics are plotted on Figure 5.5j, with inclinations, however.

As discussed in section 1.3 there are a number of hypotheses for the cause of 

vertical axis rotation. Each of these ideas will now be examined qualitatively for the 

Velez Blanco area data. There are two aspects that are immediately testable by 

examining a geographic distribution of palaeomagnetic data superimposed on geological 

data. The first aspect is whether there is a good fit between the observed and predicted 

patterns. The second is whether the geology resembles that of the model.

Luyendyk et al. (1985) presented a strike-slip model of block rotations in 

southern California where crustal blocks are divided by narrow fault zones. Ron et al. 

(1984) presented a similar pattern of domains of rotation divided by strike-slip faults in 

Northern Israel. Although the pattern of rotations in the Velez Blanco area can be 

divided into zones or domains of comparable rotation, it is hard to identify significant 

strike-slip faults with lengths much greater than a kilometre across and within the Velez 

Blanco area (Figure 5.3). The only large scale strike slip fault in the area is the 

Crevillente fault to the north (Figure 1.4). Good fault kinematic constraint is available 

for the Crevillente fault (Allerton and Platt, unpublished manuscript) and the Internal/ 

External Zone Boundary (lEZB, Lonergan et ah, 1994) that circumvent the 

interpretation that the area has behaved as a single strike-slip fault bounded block. 

Consequently, it is geologically difficult to reconcile differential rotations with a domino 

model of strike slip faulting.

Kondopoulou et al. (1996) showed how vertical axis rotations have occurred in 

the Aegean, a zone of active extension. Vertical axis rotation associated with 

Cretaceous ‘transtension’, sinistrally oblique extension, may have given rise to vertical 

axis rotations in the Subbetic. This scenario is unlikely, however, as continuous sections 

in the Velez Blanco area and elsewhere record the 19° rotation of Iberia (this study, 

Platzman and Lowrie, 1992, Moreau et al., 1997). Cretaceous differential rotation
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would be expected to give rise to much greater variations in rotations between 

Cretaceous and Jurassic beds.

Differential vertical axis rotations have often been associated with thrust faults 

(e.g. Schwartz and Van der Voo, 1984), in a process referred to by some authors (e.g. 

Allerton, 1998) as thrust sheet pinning. A likely implication of thrust sheet pinning is 

differential shortening. Geological estimates of shortening in section 4.4.2. of the two 

parallel cross sections of Figure 4.5(A and B) do not differ greatly. Furthermore, 

correlating structural and palaeomagnetic data on Figure 5.4, it can be seen that no 

significant accumulation of vertical axis rotation occurs across any individual thrust such 

as the major tectonic boundary in the north of the area. Kirker and Platt (1998) pointed 

out that noticeable differences may not be seen between thrust sheets if rotation 

accumulates slowly on successive thrusts, with only 5° net difference per thrust below 

the resolution of most palaeomagnetic sites. Consequently, it is suggested that a small 

amount of thrust sheet pinning has occurred between some of the zones of comparable 

rotation and thrust sheets, but this is not the main cause of vertical axis rotation.

England and Wells (1991) described a pattern of vertical axis rotations from the 

Oregon coast of the Pacific NW and argued that it is caused by continuous deformation 

along this margin subject to strike-slip. Sonder et al. (1994) described a pattern of 

vertical axis rotations in the Las Vegas Valley Shear Zone and were able to show that it 

arose from quasi-continuous deformation when viewed from a scale of >10 km. The half 

width of the deforming zone (15 km) is comparable to the zone between the Crevillente 

Fault and the lEZB. Furthermore, the pattern of rotations in the Velez Blanco area is 

comparable; if rotation is examined in relation to distance parallel and perpendicular to 

the lEZB, rotations increase steadily from B to W and from N to S.

It appears that it was most likely the pattern of vertical axis rotations described in 

the Velez Blanco area was caused by continuous deformation, probably shear, on the 

scale of the study area. Domains of comparable rotation are recognisable because this is 

a brittle, upper crustal zone of deformation. It will be argued in Chapter 8 that this shear 

occurred at a relatively late stage during deformation when the obliquely convergent 

orogenic wedge was well developed, and that there is a geologically plausible case for 

this distributed shear.

5.4.2 Results from the Nerpio area

A geological map of the area around the village Nerpio is shown on Figure 5.8. 

In this area, the External Subbetic is a palaeogeographic unit characterised by a thick
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sequence of Jurassic platform carbonates and a thin Cretaceous pelagic sequence 

(Hermes, 1978). The whole Subbetic unit is underlain by the Subbetic Frontal Thrust 

(SFT), which is exposed to the north, west and south of the Nerpio area. It is a 

subhorizontal surface, dipping gently south here, and is underlain by the Prebetic, a 

separate palaeogeographic unit composed of mostly shallow water shelf or platform 

sediments. The Intermediate Unit on Figure 5.8, which is volumetrically less important, 

was located palaeogeographically between the Subbetic and Prebetic by Banks and 

Warburton (1991) and outcrops sporadically in the area. It reflects slope to basinal 

facies. The most striking feature of the internal structure of the Subbetic in the Nerpio 

area is a N to NW striking graben. The bounding normal faults to this graben cut the 

SFT in the NW corner of Figure 5.8, near site BJ. Although no directional kinematic 

data is available on these faults, the change in strike of the normal faults are unlikely to 

be associated with rotation or shortening, given that they are late. Reasons for this 

change in strike could be the fault architecture or natural curvature of the fault such as 

that described by Roberts (1996).

The magnitudes of vertical axis rotation of the two External Subbetic Nerpio 

sites (-9 to 46°) are lower than those of the Internal Subbetic (-19 to 125°). This is 

consistent with other studies that have found lower magnitudes of rotation in the 

External Subbetic further to the east (Allerton et al., 1993). Rotation increasing towards 

the internal and older parts of the mountain belt suggests the process was ongoing and 

the rotation may have accumulated gradually with shortening.

The two Nerpio sites are statistically distinct and reflect a differential rotation (55 

±25°). Site ZF is statistically indistinguishable from the Jurassic reference direction 

(328°). The difference in rotation between the sites BJ and ZF occurs over a distance of 

2.9 km. This may be due to differential motion on the SFT. Vertical axis rotations are 

entirely possible as kinematic data on this fault has means which are NW-directed 

(Allerton and Platt, unpublished manuscript) and hence oblique to the ENE strike of the 

mountain belt. Allerton (1994) presented an example of thrust sheet rotation in the 

External Subbetic from the Sierra de Quipar, to the east of this area.

5.5 Conclusion
Three rock units that have been previously sampled and an untested lithology 

with stable components have given a more detailed coverage of the pattern of vertical 

axis rotations in the Eastern Subbetic. These are found by comparing site mean 

declinations to well established reference poles. Most sites exhibit a two component
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behaviour. Evidence suggests that the high temperature components in these rock unit 

are most likely to be primary remnances. The resulting pattern indicates progressively 

increasing rotations from E to W across the Velez Blanco area. These rotations are 

probably associated with the shortening event. Correlation to kinematic data (chapter 7) 

and structural data (chapter 5) will lead to the conclusion that these rotations can be 

constrained to a late stage in the history of deformation of the mountain belt in Chapter 

8 .
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Chapter 6. Kinematics of oblique convergence in the Eastern

Subbetic, Southern Spain.

6.1 Introduction

Studies of the Eastern Subbetic (Figure 1.3) examining fault kinematics have 

given the overall transport direction of this area relative to the undeformed Iberian 

foreland as; N-directed (Garcia-Hemandez et a l, 1980), NW-directed (Banks and 

Warburton, 1991) and WNW-directed (Allerton et a l, 1994). Differential vertical-axis 

rotations within the Eastern Betics are documented by Makel et a l (1984), Mazaud et 

a l  (1986), Ogg et a l (1987), Allerton et a l (1993, 1994), Calvo et a l (1994, 1997) and 

chapter 5 of this study. An implication of vertical axis rotation is that if fault slip 

lineations were formed before these rotations occurred they will have been rotated along 

with any other earlier formed structures.

The aims of this chapter are as follows. First, to determine whether it is possible 

to use fault kinematic data to analyse strain in the mountain belt. Secondly, to ascertain 

the kinematic evolution of the Velez Blanco area, the original thrusting direction and the 

distribution of strain during deformation taking into account the effects of partitioning. 

Thirdly, to estimate what the local plate motion vectors were during the deformation and 

finally, to examine hypotheses of regional tectonics and models of oblique convergence.

6.1.1 Strain partitioning

The plate motion vector between actively deforming plates may be assessed using 

a number of independent data sets such as mid-ocean ridge fracture information and 

magnetic reversal patterns leading to models such as NUVEL-1 (DeMets et a l, 1990). 

It is commonly observed in zones of oblique convergence that focal mechanisms for 

reverse faults in subduction zones are not parallel to the vector of relative motion 

between the two plates (e.g. McCaffrey, 1992). The remaining strike parallel component 

of inter-plate motion is taken up by strike-slip faults located typically in the hinterland, 

internal part of the mountainbelt (Fitch, 1972). Figure 6.1a illustrates this point where 

the plate convergence has an obliquity angle a  and the thrusting or transport direction 

over the foreland is Y. If no partitioning occurs, then Y = a. If full partitioning occurs, 

then Y = 0. In inactive terranes that were previously obliquely convergent, the most 

internal kinematic data provides the best guide as to the original convergence direction as 

it may have been formed prior to the onset of partitioning. Examples of active zones of
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oblique convergence include the Hikurangi margin of New Zealand and the Sumatran

Forearc. Strike-slip faults at the rear of the wedge take up some displacement in both

these cases.
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Figure 6.1. (a) Partitioning of oblique convergence of plate m otions into strike-slip and thrust faulting, 

(b) Summary of kinematic data from the Eastern Subbetic. Dates are poorly constrained using the 

limited data of Geel (1973), Hermes (1976), Banks and W arburton (1991) and Lonergan et al. (1994). 

Locations are shown on the map of the Eastern Subbetic on figure 1.4.

Mathematical models of transpression such as that of Sanderson and Marchini 

(1984) predict testable patterns of finite strain within a deformation zone bound by 

vertical edges, according to different combinations of pure shear, simple shear and strike 

slip faulting. The boundary conditions to these models (vertical edges) are difficult to 

apply to the External Betics. The eastern External Betic mountain belt has been subject 

to basal shear and the deforming zone has an asymmetric shape (Figure 4. lb), rather than 

a steep sided box and hence cannot be described as a true transpressional system.
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Some studies of regional tectonics maintain that subduction never occurred in the 

Betic-Rif arc at any point (Platt and Vissers, 1989), and others maintain it was the 

dominant control on deformation (Royden, 1993, Lonergan and White, 1997). Whether 

or not subduction has occurred cannot be entirely resolved here, but it is possible to 

examine the Eastern Subbetic simply as an obliquely convergent thin skinned fold-and- 

thrust belt, the result of convergent motion between the Internal Zones of the Betic 

Cordillera and the Iberian Meseta (Figure 1.3).

6.1.2 Tectonics of the Eastern External Betics

The eastern section of the Subbetic is shown on Figure (1.4). The most 

important compressional event in Subbetic deformation was the Early Miocene 

shortening. Lonergan et al. (1994) showed that SSF-directed thrusting on the Internal/ 

External Zone Boundary (lEZB) occurred during the Burdigalian and Langhian. 

Allerton et al. (1994) found ESE-directed thrusting in the unrotated Sierra de Pericay. 

Allerton and Platt (unpublished manuscript) found differing thrusting directions across 

the Subbetic including NW-directed on the Subbetic Frontal Thrust. Mandeville (1993) 

found thrusting in the Prebetic varied between WNW- and NW-directed, although she 

suggested that the direction was mostly WNW, and local variations were due to 

deflections on transfer faults such as the Socovos fault (Figure 1.4). Frizon de Lamotte 

et al. (1989, 1991) found that thrusting was WNW-directed in the External Prebetic in 

the Sierra de Segura (Figure 1.3). This information is summarised on Figure 6.1b, 

although timing data is poorly constrained. Any of these directions could be rotated 

clockwise, given the widespread clockwise vertical axis rotations that are documented 

across the Subbetic.

It is uncertain whether the convergence angle between the Alboran domain to the 

south and the Iberian foreland to the north was constant during this Early to Middle 

Miocene shortening. The time span of convergence, Burdigalian to Serravallian or later 

in the Subbetic, was around 8 My. Convergence continued between Africa and Iberia 

until approximately 5 Ma. As mentioned in the previous section, there are a number of 

hypotheses to explain the tectonic evolution of the Betic Cordillera. All these hypotheses 

have particular implications for the kinematics of local motion and regional plate tectonic 

movements. They include convective removal of the lithosphere leading to radial 

thrusting (Platt and Vissers, 1989), subduction zone rollback leading to oblique thrusting 

(Royden, 1993) and left-lateral shear leading to N-S and ENE-WSW thrusting (Leblanc,
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1990) due to the Westward motion of a rigid Alboran microplate as originally described 

by Andrieux (1972). The strains or motions which arise from these processes are 

superimposed on the regional Africa-Europe plate movements described by Dewey et al. 

(1989) and summarised on Figure 1.6.

There are orogen-parallel strike slip faults in the Subbetic, some of which appear 

to have been active at the same time as the convergent deformation and hence will have 

played a partitioning role. The largest such strike-slip fault in this part of the Eastern 

Subbetic is the Crevillente Fault Zone. It is identifiable on aerial photographs and 

traceable from the Velez Blanco area to Alicante. As mentioned in chapter 1, it was 

dextral during the main phase of deformation but there is evidence for more recent 

sinistral motion (Allerton and Platt, unpublished manuscript). DeLarouzière et al. (1988) 

in a study of Late Miocene to Recent movements named it the North Betic Fault, and 

showed it as sinistral on their maps. Osete et al. (1988) maintained the majority of 

motion was Middle and Upper Miocene dextral motion and traced the fault as far as 

Granada. Paquet (1968) estimated 20 km of dextral displacement on this fault, but this 

was poorly constrained. The fault does not show much displacement in Tortonian age 

sediments towards the NW of the Velez Blanco area. It is most likely that displacement 

on this fault ends in this area although it maybe taken up elsewhere as a splay (Allerton 

and Platt, unpublished manuscript). If the fault is approximately 200 km long, and a 

‘standard’ displacement /length ratio of 5% is assumed (Dawers et al., 1993) on the basis 

that there are limits to strain gradients along faults of finite dimension in the crust, 

regardless of their sense of movement, then an estimate of 20 km may indeed be a 

reasonably accurate upper limit to the displacement.

6.2 Structural Study

Section 3.2 introduced the methodology for collection of fault kinematic data. 

Data was collected from the Velez Blanco area during four field seasons. Examples of 

typical data sets are shown on Figure 6.2 for back-directed (a) and forward-directed (b) 

reverse faults, dextral (c) and sinistral (d) strike-slip faults. Table 6.1 shows a summary 

of data collected as fault plane dip and dip direction, lineation plunge and trend as well as 

(X9 5  confidence angles. Each population is collected as a site (kOOO), with postscripts 

a,b,c, added for separate faults collected from the same outcrop. Figure 6.3 shows the 

location of each reverse fault site. Means and their associated confidence angles for 

individual sites were calculated using Fisher (1953) statistics. In some cases populations



119

are not strictly Fisherian, ‘symmetrically distributed about a mean’, but these statistics 

have been applied as it continues to give an approximate measure of dispersion and 

allows the easy comparison of the reliability of data.

Site IGME Grid Ref 
E N

Fault 
Dip dir Dip

Lineation 
Trend Plunge

0C95
Fault Lineation

n Sense

k la 7407 3545 140 28 240 19 * * 4 sin
k lb 7407 3545 40 80 127 32 * * 3 dex
k2 7411 3473 127 32 27 26 * * 4 sin
k3a 7401 3448 160 80 260 10 * * 3 dex
k3b 7401 3448 27 68 58 59 * 9 3 rev
k4 7428 3556 350 40 350 40 * * 2 rev
k5 7428 3478 315 20 309 22 * 6.3 9 dex
k6 7392 3562 176 48 341 39 * * 10 rev
k7a 7394 3563 194 57 341 29 * * 9 rev
k7b 7394 3563 318 14 241 23 * * 3 sin
k8 7393 3461 164 47 344 42 * * 8 rev
k9 7395 3532 254 26 70 66 * * 3 nor
klO 7402 3538 235 65 56 27 * * 7 nor
k l l 7408 3543 100 21 176 14 * 7.3 10 rev
kl3 7413 3538 343 49 171 35 12.5 8 8 rev
k l4 7410 3541 147 43 209 12 * * 4 rev
kl5 7405 3546 257 37 239 52 * * 9 nor
k l 6 7360 3505 95 16 105 17 * * 8 rev
k l 8 7358 3545 264 61 196 38 * 10.2 21 nor/sin
k l9 7357 3537 276 50 220 27 * 4.5 12 nor/sin
k20 7442 3519 210 50 159 34 * 3.4 9 nor/sin
k21 7449 3517 157 78 76 19 * 11.1 8 sin
k22 7457 3516 189 43 247 29 * 23 14 nor/sin
k23 7447 3497 201 73 261 57 * * 3 nor/sin
k24a 7445 3495 99 74 161 62 * 9 9 nor/(dx)
k24b 7445 3495 4 72 86 22 * * 3 nor/(dx)
k24c 7445 3495 306 53 342 49 * 9.6 8 rev
k25a 7450 3493 309 43 333 41 * 9.9 8 rev
k25b 7450 3493 58 70 147 11 * * 2 dx
k26a 7327 3517 336 38 5 31 * 9.4 9 rev
k26b 7327 3517 334 22 281 23 * * 5 dx
k27 7338 3535 345 51 358 46 * * 10 nor
k28 7462 3502 320 19 341 18 * 21.5 10 rev
k30a 7340 3535 105 84 198 6 * * 3 sin
k30b 7340 3535 10 54 20 52 * * 2 nor
k30c 7340 3535 140 87 231 7 * * 3 dex
k31a 7345 3531 301 82 213 1 * * 5 sin
k31b 7345 3531 38 86 45 18 * * 5 sin
k32 7341 3534 169 41 185 37 * 10 9 rev
k33 7391 3469 174 36 192 30 * 12.2 8 rev
k34 7391 3470 192 38 184 28 * 12.5 8 rev
k35 7395 3471 173 45 210 32 * 7.3 15 rev
k36a 7395 3472 91 15 61 12 * * 9 rev N
k36b 7395 3472 264 59 252 55 * * 6 sin
k37 7360 3468 186 18 182 21 * 14.2 9 rev
k38 7367 3469 197 18 199 17 * 13.8 8 rev
k39 7397 3439 302 63 11 27 * 3.1 11 dex/(nor)
k40 7397 3439 192 59 139 46 * 4.7 12 reidel
k41 7397 3439 284 46 12 7 * 6 12 dex
k42
Table

7397
6.1

3439 280 42 193 1 * 8.1 11 dex
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Site IGME Grid Ref Fault Lineation ays n Sense

E N dip dir dip Trend Plunge Fault Lineation

k43 7397 3439 205 53 165 39 * * 3 sin
k44 7396 3442 48 66 82 61 * 12.5 17 nor/(sin)
k45 7389 3439 314 31 332 27 * 11.6 13 rev
k46 7361 3438 3 42 357 40 * 11.1 12 rev
k47 7347 3489 282 86 193 32 * * 16 sin
k48 7342 3555 350 31 342 29 * 12 11 rev
k49 7407 3573 351 33 342 36 * 10.9 12 rev
kSO 7360 3465 175 18 187 14 * 10.9 10 rev
k51 7355 3566 284 12 332 7 * * 4 rev
klOO 7440 3518 17 24 40 20 18.8 13.4 6 rev
klOl 7400 3493 240 85 138 29 * * 3 dex
k l02 7403 3447 305 15 336 16 * 7.6 9 rev
kl03 7404 3448 317 21 354 19 8 5 5 rev S
kl05 7402 3448 45 30 35 30 * 14 6 rev
kl06 7308 3504 301 25 242 13 15.9 12 5 dx
kl07 7479 3568 100 85 200 10 * * 2 rev
kl08 7410 3443 330 30 341 24 * 31.9 4 rev
kl09 7399 3555 39 31 343 16 9.3 7.8 10 rev
kllO a 7402 3553 239 88 **** * 21 10 dx
kllOb 7402 3553 226 90 **** * 21 12 sin
k i l l 7388 3519 346 11 309 24 30.6 23.6 4 rev
k l l 2 7395 3497 279 16 300 15 22.5 25 3 rev
k ll3 7300 3450 348 20 328 21 6.7 17.6 12 rev S
k ll4 7347 3568 347 30 313 29 * 18 2 rev
k ll5 7347 3566 210 85 117 18 * 6.9 2 dx
k l l 6 7349 3564 335 18 344 25 10.1 8.4 7 rev
k ll7 7347 3584 45 45 356 38 * 7.2 2 rev
k l l 8 7319 3502 4 33 333 28 * 9.1 12 rev
k l l9 7505 3481 10 66 72 46 3.9 10.8 8 rev (+sin)
k l20 7501 3488 260 10 315 5 * * 2 rev SE
k l21 7511 3482 301 26 295 26 9.7 10.4 9 ?
k l 22 7407 3603 205 54 296 2 9.5 12.3 3
kl23 7308 3563 21 26 337 20 5.8 8.4 6 dx
kl24 7307 3563 149 80 153 8 10 8.9 7 rev S
kl25 7375 3558 0 30 355 29 8.2 9.1 14 rev S
kl26 7377 3558 315 31 349 22 14.3 9.9 8 rev S
kl27 7359 3554 325 23 334 22 9.7 6.7 8 rev S
kl28 7425 3528 113 46 147 39 11.6 6.2 11 rev N
kl30 7355 3528 182 12 117 10 13 13.1 7 rev NNW
kl31 7354 3535 25 20 112 3 22.3 16 13 rev W
kl32 7498 3519 186 39 162 38 18.1 6.4 8 normal
kl33 7408 3551 157 24 146 27 9.6 8.8 12 rev N
kl34a 7422 3574 315 20 340 25 * * 5 rev S
kl34b 7422 3574 150 85 60 5 * * 2 dex
kl35 7472 3590 27 57 68 48 3.1 3.5 6 rev+sin
kl36 7477 3590 38 45 57 49 8.5 13.7 11 norm (+dx)
kl37 7483 3591 259 69 175 39 33.4 17.7 9 sin
kl38 7402 3458 226 28 230 26 13.2 13 7 rev NE
kl39 7402 3458 45 40 24 37 11.2 16.8 3 norm NE
kl40 7403 3454 317 26 17 13 11.5 11.7 13 rev S
kl41 7402 3457 286 12 340 18 6 10 12 rev S
k300 7361 3504 186.7 15.4 140.2 5.8 16.4 29.8 6 rev
k301 7356 3529 150.2 10 158.9 8.7 **** 19.9 4
k302 7471 3599 237.4 72 158.4 13.4 15.8 14.1 3 sin
k303 7542 3546 194 18.6 115.4 6.2 17.7 12.5 8 rev
k304 7536 3561 294.5 85 26 27 **** **** 1 sin
k305 7533 3564 
Table 6.1. Continued.

297.5 22.9 317.7 228 8.3 8.1 10 rev
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Site IGME Grid Ref Fault Lineation CC95 n Sense
E N dip dir dip Trend Plunge Fault Lineation

k306 7459 3628 270.6 6.5 292.5 5.3 13.1 13.2 8 rev
k307 7459 3628 237.3 52.3 277.4 0.7 **** **** 2 sin
k308 7507 3577 298.9 65 322.8 65.8 8.1 6.8 8 norm
k309 7493 3602 335.1 24.6 319.5 22.5 7.6 6.3 12 ?

k310 7511 3523 106.4 16.3 111.9 20 8.4 8.8 10 rev
k311 7523 3588 174.2 43.7 177.7 44.4 9.9 7.8 8 norm
k312 7514 3593 190.8 28.2 153.6 26.3 12.4 9.4 7 norm
k313 7515 3594 172.7 40.6 153 40.5 6.8 6.3 6 norm
k316 7348 3489 292.3 65.9 200.7 48.6 32.4 9.9 9 norm
k317 7354 3521 114.4 66 34.7 28.4 54.4 36.8 5 nor/sin
k318 7425 3527 339.3 54.7 288.9 38.3 7.6 9.3 7 nor/sin?
k319 7527 3511 321.2 11.2 308.5 22.5 8.3 9.8 12 rev
k320 7528 3523 105.8 1.6 104 12.8 9.7 25.1 8 rev
k321 7528 3523 2.8 4.7 337 2.8 11.6 14.4 7 rev SSE
k322 7528 3528 296 85 147 7 12.5 13.8 4 rev SSE
k323 7523 3528 304 84 162 9 9.7 7.9 8 rev SSE
k324 7517 3605 0 61 145 28 7.4 6.3 12 norm
k325 7515 3606 128 63 310 34 8.5 8.9 8 rev ESE
k326a 7508 3608 65.2 50.8 57.1 49.9 * 5 3 norm
k326b 7508 3608 220 46.8 207.5 48.5 12.4 4.7 3 norm
k327 7508 3607 116 48 294 52 17 5.3 7 norm
k328 7413 3552 30 75 162 22 9.2 42.3 7 rev SSE
k329 7418 3553 134 81 331 12 8.1 7.5 9 rev SSE
k330/l/2 7492 3577 219 62 337 20 11.7 9.8 9 rev SSE
k333 7499 3589 203 40 8 81 48.6 31.1 5 rev SSE
k334 7448 3588 147 79 341 10 9.1 10 12 rev SSE
k335 7469 3592 235 76 346 8 10.1 9.9 12 rev SSE
k336 7469 3594 165.9 71.8 235.1 76.8 9.9 10.1 12 rev SSE
k337 7462 3617 334.4 27.5 231 32.6 34.6 15.6 7 rev SSE
k338 7478 3624 353.9 14.6 310.7 9 14 16.9 7 rev ESE
k339 7355 3535 116.7 28.1 106.6 17.2 7.6 14.4 12 rev W
k340 7354 3536 75.5 19.3 70.7 22.4 15.1 24.7 5 rev W
k341 7357 3541 93 23 106 14 * * 2 rev W
k342 7358 3546 72.4 5 71.5 13.8 16 * 4 rev W
k343 7357 3551 342 16.7 325.8 24.6 10.5 10.7 10 rev SSE
k344 7362 3467 173.1 24 172.8 25.1 10.6 12.1 12 rev N
The following table of data from the Velez Blanco area was collected by
Prof.J.P.Platt.
jp l 7419 3425 5 21 340 18 8 11.8 23 th se
jp2 7422 3577 19 16 315 5 * 11 21 th se
jp3 7422 3577 393 86 24 55 * 19 10 dex
jp4 7505 3525 104 90 199 8 * 19 6 sin?
jp5 7500 3521 314 6 355 1 * 14.4 15 th?s
jp6 7480 3521 184 38 181 38 * * 13 ??s
jp7 7539 3560 133 26 51 7 * 5 8 sw
jp8a 7535 3562 243 22 170 13 * 6 14 se
jp8b 7535 3562 325 60 237 9 * 6 25 sin
jp9 7532 3563 308 25 318 26 * 6 9 se
jp io 7572 3585 281 26 322 18 * * 9 se

jp l l 7572 3587 3 17 353 17 * 10 9 s
jp l2 7571 3590 330 24 302 13 * 13 17 se
jp l3 7565 3575 281 26 322 18 * 11 20 s
Table 6.1. IGME Grid Reference = U.T.M. Grid System. Mean fault plane: dip dir = Dip direction. 
Lineation: Plunge and Trend are lower hemisphere. a95 = alpha 95 confidence angle, n = number of 
statistics used to calculate lineation mean statistics. *: data not available.
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d

K309 reverse
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Figure 6.2. Equal area, lower hem isphere stereographic representation of kinematic data from the Velez 

Blanco area, Eastern Subbetic. Arrows show direction of motion of hangingwall where appropriate. 

Data site is given in the left-hand corner (for location refer to table 6.1). Sense of shear is given in the 

right-hand corner. Exam ple plots are shown in a,b,c,d. Thrust faults f,g are from a shear zone affected 

by a lateral ramp, north of Serrata de Guadalupe.
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h sinistral i dextral

Figure 6.2. continued. h,i show bi-directionally plotted rose diagram s for lineation m eans of all strike 

slip faults from the Velez Blanco area. Diagrams are divided into 10° segments.

Jurassic limestones of the Velez Blanco area are highly fractured and jointed. 

Multiple sets of faults typically cross-cut each other and have gouge fabrics with unclear 

senses of shear. Furthermore, it is difficult to assess whether the faults in this lithology 

are representative of significant motions. Kinematic data was favoured from fault zones 

containing predominately Cretaceous units, in particular the Late Cretaceous (Figure

4.2), which contains a combination of mud and lime that deforms leaving shear zones 

with clear senses of shear. An analysis of Jointing patterns was not conducted. Folding 

was assessed using direct measurements of bedding. Burial was not sufficient for the 

development of ‘strain markers’ that were accurate and easy enough to measure, as 

discussed in chapter 4.

6.2.1 Formation of lineations in a shear zone.

If the timing of formation of kinematic data can be established then it might be 

related to a particular phase of the faulting process or motion history. For instance, 

pyrite fibres can record a full history of deformation, tracking changes in transport 

directions (Durney and Ramsay, 1973). What is the kinematic significance of lineation 

data collected on faults in the Velez Blanco area ?

The style of faulting in the Velez Blanco area is brittle and similar to the faulting 

in SE Spain as described by Rutter et al. (1986). Calcite fibre lineations are produced by 

pressure solution processes (Ramsay and Huber, 1987, Twiss and Moores, 1987, 

Ramsay, 1980). Calcite may be precipitated and dissolved at room temperature and
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Figure 6.3. Geological map of the Velez Blanco area, showing kinematic data locations and directions. 
Arrows show azimuths o f lineation means for all reverse faults. Numbers give site reference from table 
6 . 1.



125

pressure, so is not indicative of particular physical conditions. It appears that some 

calcite lineations are preserved during deformation, but they are eventually overprinted. 

In some cases two populations of lineations were present in fault zones, but systematic 

cross-cutting relations are difficult to identify and describe statistically so the dominant 

set was measured.

Jurassic limestone
North

5 metres

Shear Zone (S.Z.

Drift Drift

Barranco 
de la Cruz Drift

Jurassic limestone 
(Soil)- 

Green powder 
White breccia - 
Shear bands.

(B)

K41

K39

K40

K42

Figure 6.4. (a) Locations of kinematic data in Barranco de la Cruz, (b) Fault kinem atics from dextral 

fault zone in Barranco de la Cruz, S ierra de M aimon. Lower hem isphere, equal area plot shows fault 

planes as great circles and lineation means as points. Ellipses show calculated a95  confidence angles 

using Fisher statistics. Data shows means from gouge fabric (k42), striated lim estone (k39, k41) and 

antithetic Reidel shear (k40), Ro of Figure 3.6.
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A well exposed shear zone in a dry stream bed outcrops in the Sierra de Maimon. 

Data was collected in a W-dipping dextral shear zone from sites whose relative locations 

are shown on Figure 6.4a. The shear zone is at the end of a fault whose maximum 

displacement reaches 200m, measurable from the offset in the ridge ‘Maimon Chico’ 

(Figure 6.5-16), and it is likely that this site is close to the tip line. Mean directions are 

shown on Figure 6.4b. Lineations on the surface of the Jurassic limestone (k39, k41) 

align closely with the fibre-lineations in the gouge fabric (k42). An antithetic Reidel shear 

cuts the main fault surface and is described by the population k40. An F-test (section 

2.3.2) at the 95% confidence level between the adjacent sites (k41 and k42) shows they 

are drawn from the same population because the test value, 0.01, is below the critical 

value 0.15. The overhanging Jurassic limestone surfaces are corrugated on a wavelength 

of up to 20 cm, and they suggest significant slip. This result shows that it is justifiable to 

relate calcite fibre lineations to the movement of large blocks that bound the edges of the 

fault zones as calcite fibre lineations found in gouge fabrics compare well with the 

slickensided surfaces adjacent to them.

On a slightly larger scale, it appears that slight deviations of kinematic data can 

be caused by local structural heterogeneity. On the north side of the Serrata de 

Guadalupe, lateral ramps cause the deflection of kinematic data from SSE to SSW. A 

thick reverse shear zone places Median Subbetic marl sediments on top of limestones of 

the Internal Subbetic. Field mapping reveals that one consequence of Mesozoic rifting in 

the area is that the top bedding surface of the Jurassic limestone is highly irregular. 

Patchy appearances of red nodular ammonitico rosso facies limestone (section 4.2.1, 

Jenkyns, 1974) suggests that there was a horst and graben topography during the 

Mesozoic. Two kinematic data sets k335 and k336 (Figure 6.2f,g), differ significantly as 

they have independent confidence cones which do not touch. Both kinematic sites were 

collected from outcrops around 10m long and are separated N-S by 100m. The 

intervening zone is dominated by shearing and tight S-vergent folding. The azimuth of 

the lineation mean of k336 is consistent with the SSE-directed thrusting characteristic of 

this boundary to the east and west of this area (Figure 6.3, NE corner). The other site 

k335 is rotated clockwise from the expected direction as a result of motion on a W- 

dipping lateral ramp associated with the Mesozoic rift architecture. The lineation change 

is probably associated with strain accommodation around this lateral ramp during 

shortening. The only way to avoid the problem of misleading kinematic data
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deflected by inherited geometries is to ensure as much data as possible is obtained along 

the strike of thrust faults and shear zones.

6.2.2 Timing of deformation

Rocks at the surface in this sector of the External Betics are deformed by brittle 

cataclastic processes (Rutter et al, 1986). It is therefore valid to assume that if a fault is 

cut with a visible offset by another fault then the latter fault post-dates it. The offset 

fault can be traced across later, cross-cutting faults by thickness, sense of shear and 

direction of motion. Cross cutting relationships between faults can reveal relative timing 

information between faulting episodes. Figure 6.5 shows relative timing information 

collected for faults in the Velez Blanco area. In general, strike-slip faults post-date 

earlier reverse faults, but this is not a universal rule.

Syn-orogenic and post-orogenic deposits within the Velez Blanco area occupy 

approximately 4% of surface area. Late strike slip faults cut Langhian sediments in a 

small basin, ‘B’ (Figure 6.3), NW of the Velez Blanco village. The bedding in this basin 

dips towards the centre, suggesting ongoing deformation since deposition. Although 

coarse grained turbidites can be deposited on steep surfaces, the 30° dips in bedding 

here, close to the angle of repose, are more likely to be due to tectonic tilting. This may 

be a consequence of sinistral strike-slip motion which continues into the present day on 

the Crevillente fault.

Strike-slip faults were active throughout the Tertiary deformation, as they cut 

(post-date) reverse faults (Figure 6.5-2,3,7,9,16 and 17), although some were formed 

during the main phase of thrusting (Figure 6.5-13). This phase of strike-slip faulting 

during shortening could have been associated, for example, with transfer of displacement 

between 'en echelon’’ thrust faults. In the Sierra de Maimon, a dextral strike slip fault 

has a strike of approximately 140° and a maximum displacement of 250 m. It clearly 

cuts an earlier thrust, between Maimon Chico and Maimon Grande (Figure 6.5-16). This 

fault is likely to be genetically related to many other similarly trending late faults seen 

across the region such as those that cut the IFZB reported by Lonergan et al. (1994). In 

the Sierra de Pericay numerous sinistral strike-slip faults strike N-S. These faults are 

likely to be associated with a larger sinistral fault bounding the NW-corner of the Sierra 

de Pericay (Figure 6.3).

As discussed in chapter 4, there are numerous possible causes of normal faulting, 

and timing of extension can be constrained in some cases to Mesozoic time (Figure 6.5-
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12). Clearly, all Mesozoic normal faults predated the Tertiary thrusting in the area. 

Along the Rio Luchena to the East of Gigante (Figure 1.4 and UTM Grid Reference 759 

354, IGME, 1972) there are syn-extension features in the sediments, such as rollovers, in 

otherwise massive sediments. The extension here is most likely to be associated with the 

development of the Lorca basin, an intra-montane basin also east of the Velez Blanco 

area. Nowhere is there evidence for large normal faults with cumulative displacement 

comparable to the reverse faults. Normal faults typically have short fault lengths, and 

narrower thicknesses of shear zone than thrust faults of the area.

Structural geologists often characterise deformation phases in brittle terranes 

with faulting styles characterised by sense of shear and orientation. A few dominant 

trends arise when mean slip directions for dextral and sinistral strike-slip faults in the area 

are plotted on rose diagrams (Figure 6.2h,i). The observed scatter is due partly to 

vertical-axis rotations, although it is difficult to resolve their precise timing relative to 

this rotation. If strike-slip faults both pre and post-date this rotation, a variation of up to 

60° might be expected, because this is the typical magnitude of vertical axis rotation 

affecting the Velez Blanco area. This orientation problem precludes the use of stress 

inversion techniques across the region (Etchecopar et al, 1981). Furthermore, stress 

analyses are only justifiably conducted at an outcrop scale and as datasets are small, it is 

inappropriate at this scale too.

6,2.3 Reverse faulting

Data on reverse faults provides direct information on the most significant phase 

of deformation, the Miocene shortening event, and data pertaining to these faults will 

now be discussed in detail. Reverse fault data was collected where possible, from large 

shear zones. Data was also taken from smaller fault zones thought to relate to more 

important faults when exposure was limited, such as cases where the cores of tight 

mesoscale anticlines had been subject to finite displacement. In these cases, care was 

taken to distinguish synthetic Reidel shears (Figure 3.6) as they have displacements 

subparallel to the overall motion of the fault (Petit, 1987), but are easily confused with 

them. Reverse fault azimuths from the Velez Blanco area are shown on Figure 6.3. 

Arrows represent azimuth (trend) of the lineation mean for each site collected. The full 

statistics are shown on Table 6.1.

As discussed in section 6.2.1, lineation data describes the motion of one block of 

rock relative to another. Large earthquakes have large instantaneous displacements, but
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the focal mechanisms of aftershocks are apparently randomly orientated with respect to 

the initial rupture. This apparent random noise observed from neotectonics is not well 

preserved in the geological record. A striking feature of the pattern on Figure 6.3 is the 

predominance of SSE-directed thrusting which is consistent over a very large area. The 

uniformity of the pattern in two dimensions is good evidence that the fibre lineations 

measured in the Velez Blanco area are indicative of major strain. Furthermore, it shows 

that small-scale structures reflect regional strain.

Lonergan et a l (1994) found SSE-directed thrusting along a 50 km stretch of the 

lEZB, whereas Allerton et a l (1994) found ESE-directed thrusting near the Crevillente 

fault, in the non-rotated Sierra de Almirez (Figure 1.4, north of the Sierra de Pericay, 

Figure 6.3). This is an apparent contradiction as the lEBZ is a shear zone at least 100m 

thick and is suggestive of a prolonged period of motion. The SSE-directed thrusting 

along the lEBZ could then either have been rotated from an originally more ESE- 

directed position, and hence be associated with the SSE-directed thrusting to the north 

across the majority of the whole area or alternatively, be caused by a strain partitioning 

effect at the frontal part of the orogenic retro-wedge.

The original thrusting direction is useful in the reconstruction of local tectonics. 

Fault lineation data is used as a proxy for thrust sheet motion. Figure 6.6a shows a 

histogram of all lineation azimuths from all faults with a reverse sense from the Velez 

Blanco area. If data is considered to be antipodal, then SE-directed backthrusts can have 

180° subtracted and can be considered as NW-directed displacements relative to Iberia. 

It is inappropriate to calculate a mean for the whole dataset as the data is bimodal 

because it has two peaks both of which are quite possibly not normally distributed 

(vonMises distribution). Furthermore, there is field evidence for separate thrusting 

events, which would give rise to separate populations too. A more representative 

approach is to examine the modal values. A peak can be seen in the 340-350° bin in the 

data for reverse faults in the Velez Blanco area whose median value is 345°. This result 

may still not be representative of an overall thrusting direction if the kinematic data have 

been rotated about a vertical axis.
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a) Histogram of unrotated thrusting lineations
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Figure 6.6. Histograms of all reverse fault lineations from the Velez Blanco area, (a) Unrotated, (b) 

Rotated back using the nearest neighbouring palaeomagnetic site. Numbers refer to the lower limit of 

10° intervals.
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The effect of backrotating lineation data, or kinematic vectors about a vertical 

axis by palaeomagnetically determined amounts will now be examined. This operation is 

performed by subtracting the calculated vertical-axis rotation (section 3.2.7) from the 

nearest neighbouring palaeomagnetic site (chapter 5). This technique is justified given 

the pattern of continuously varying rotation rather than a discontinuous pattern 

associated with faults, as discussed in chapter 5. Figure 6.6b shows a histogram of these 

lineations corrected for rotation, with a peak in the 300-310° bin whose median value is 

305° indicating ESE-directed thrusting. The shape of this graph is not as well defined as 

Figure 6.6a, and this is likely to be due to i) some error introduced in the unrotating 

technique including the uncertainties in palaeomagnetic data ii) the possibility that data is 

not always as rotated as much as the magnetic remnances. Although it is possible to 

calculate dispersion (equation 2.14), the antipodal and bimodal distribution of thrusting 

directions in the Velez Blanco area again makes the vonMises distribution non-applicable 

to this plot. Another minor peak occurs on the plot of rotated lineations (Figure 6.6b) 

for NE-SW directed thrusting. This direction has been extensively sampled on the W- 

side of ‘El Gabar’, where a fault is truncated at a branch point (Figure 6.5-1). Allerton 

and Platt (unpublished manuscript) found evidence for early SW-directed thrusting on 

the E-side of the unrotated Sierra de Pericay (location of Figure 6.5-7) and in the Rambla 

del Cantar, north of Serrata de Guadalupe. The relative heights of peaks are weighted 

towards places where data could be collected.

The original thrusting direction will then lie within the range of orientations 

between the peaks in Figure 6.6a and 6.6b, i.e. from 305° to 345°, depending on the 

amount by which the lineation data has been clockwise rotated.

6.2.4 The Area NE of Gigante

At ‘A’ on Figure 6.3, NE of the peak ‘Gigante’, three large exposures of 

limestone meet; the Sierra Larga, the Gigante and the Sierra de Pericay. Dips in the 

Gigante block (to the SW) are steep because dolomites of Liassic age outcrop on the 

east flank of Gigante. Although there are gaps in section, a younging sequence exposed 

in a stream preserves an Upper Jurassic to Tertiary section, and this is still linked to the 

Gigante block. Palaeomagnetic data from ammonitico rosso samples is somewhat 

imprecise with large confidence angles and unstable directions, but suggests a moderate 

vertical-axis rotation. In a N-S striking graben between the Sierra Larga and Sierra de
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Pericay there are further exposures of Jurassic ammonitico rosso, and Lower Cretaceous 

rocks of the Tollo formation (Figure 5.2) confirming this is the hangingwall.

Figure 6.3 shows that two thrusting directions dominate in the Velez Blanco 

area. In the west of the area, SSE-directed thrusting is prevalent. In the east of the area, 

ESE-directed thrusting is commonest. These two thrusting directions are found in this 

NE Gigante area ‘A’. Cross-cutting fault relationships to the south of the Sierra de 

Pericay are shown on Figure 6.3-19. Here, a SSE-directed thrust cuts an ESE-directed 

thrust. It is important to resolve whether one of these thrusting directions was the 

original direction, whether one of these sets has been rotated about a vertical axis, the 

two slip directions are a consequence of two episodes of directionally distinct faulting, or 

both have been rotated and neither equate to the original transport directions.

6.3 The statistical analysis of lineation data

As discussed in section 6.2, Fisher statistics (Fisher, 1953, section 2.3.2) were 

used to analyse populations of lineations which are presented on Table 6.1. For that 

analysis it was necessary to assume that the data was drawn from a spherically 

distributed population about a mean. It may not be valid to assume Fisher statistics 

apply, as lineations may be dispersed in a number non-spherical directions that can be 

divided along girdles parallel and normal to the fault zone. Figure 6.7a shows a 

stereographic representation of lineation dispersion, whose causes will be now discussed.

Spherical dispersion increases the apical angle of the 95% confidence cone 

around the mean. This dispersion arises from measurement errors such as the limitations 

of using a magnetic compass and the noise fundamental to faulting, which is associated 

with the finite thickness of faults and the irregularity in the nature of their surfaces. Fault 

Parallel Dispersion (FPD- Figure 6.7a) may occur due to tip line propagation which 

develops strain non-parallel to the overall transport direction particularly close to the 

lateral tips of a thrust fault, allowing it to grow sideways (Coward and Potts, 1983). For 

the case of reverse faults, rotation about sub-vertical axes will lead to rotation of the 

hangingwall with respect to the footwall. Kirker and Platt (1998) showed that the 

resultant pattern of lineations will have a dispersion which is a function of the ratio of 

transport rate to rotation rate.
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Rotation of material caught within fault zones naturally occurs as a consequence 

of non-coaxial shear strains (Cowan and Brandon, 1994). Rotation within a shear zone 

can lead to misorientation of early formed kinematic indicators when Fault Normal 

Dispersion (END- Figure 6.7a) along a girdle occurs due to rotation of shear fabrics in 

fault zones and the erroneous measurement of synthetic, Rj, Reidel shears. Measuring 

Riedels gives rise to a mismeasurement typically 15° away from the plane of net motion 

of the fault zone and true direction of displacement between the thrust blocks bounding 

the shear zone. These fractures are common in rocks NE of the lake ‘Embalse de 

Valdienfierno’ (Figure 6.3), where they pass down into the footwall of the thrust fault at 

k324 and k325.



135

As discussed in section 2.3.3, Bingham distribution statistics are calculated using 

an orientation matrix (Onsett, 1980). The ratios of the eigenvalues (si, S2 , S3) of this 

matrix can be used to examine the degree of randomness versus clustering and the degree 

of girdling versus distribution around a single point (Woodcock and Naylor, 1983). 

Lineation populations from the Velez Blanco area were selected for well clustered 

datasets C > 3, where C is the concentration parameter defined in equation 2.25. A 

further calculation was performed to find the girdle parameter, K  defined in equation 

2.26, and only populations with K < 3  were selected. The third criteria was to select 

populations with more than 6 data points. Table 6.2 shows the sites descriptive of 

reverse faults from Table 6.1 that passed all three of these criteria, to have sufficient 

spread of well defined data along a great circle rather than clustered around a point.

Kinematic Nearest Fold Angle (0) Angle (([))
Site________ fold Trend plunge girdle-fold girdle-fault
k6 s70 84 17 63.2 85.8
k7a s70 84 17 833) 86.9
k ll s95 281 13 72.9 55.3
kl6 Map* 0 0 86.6 2.6
k25a slO 56 3 61.9 42.0
k26a s76 274 2 61.8 13.2
k28 sl3 54 0 79.7 9.4
k32 s7 71 10 63.6 14.9
k34 s50 263 1 65.7 17.3
k37 s50 263 1 66.4 27.5
k38 s50 263 1 68.4 17.3
k45 s52 272 1 64.5 6.1
k46 s81 82 23 893) 10.8
k50 s50 263 1 88.7 3.1
k ll9 s91 263 32 49.9 14.5
kl33 s95 281 13 82.2 23.4
kl38 s51 72 19 84.4 53.2
kl30 s69 231 2 51.2 38.6
kl24 s21 246 0 27.8 85.4
kl25 s70 84 17 70.3 7.9

Table 6.2. All reverse faults in the Velez Blanco area that satisfy the criteria K  < 3, C > 3 and n > 6. 

Angles (0, (j)) are shown on figure 6.7.

The angle (({), Table 6.2, figure 6.7) between a (the poles to the girdles) and b 

(the Fisher means for poles to the fault planes) was calculated using the cosine rule 

(equation 2.14). There is a close comparison between these poles. A combination of 

fault normal and fault parallel dispersion may occur in the case where a population of
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lineations is folded however. The lineations will then become rotated about an axis 

parallel to the fold hinge. If folds axes can be discounted as the cause of girdling, then 

some of the above causes of lineation dispersion can be more clearly differentiated. The 

angles (angle 0, Table 6.2,) between a (the lineation girdle poles) and c (the fold axes) 

were calculated in the same way as (}). In the cases where 0 was greater than 90°, the 

complement of the angle was calculated. Figure 6.7b illustrates this correction; although 

fold axes are non-polar, their lower hemisphere value is conventionally used for 

tabulation, the dot product considers them as vectors.

The angle between the pole to the fault and the pole to the lineation girdle is less 

than the angle between the local fold hinge and lineation girdle, in 17 out of 20 cases on 

table 6.2. Namely, in most cases the (|) < 0 in Figure 6.7a. These results indicate that 

significant fault parallel dispersion has occurred and is unassociated with folding. This 

fault-parallel dispersion may be associated with either fault growth or vertical axis 

rotations on reverse faults. Map scale examination of the thrust fault lineation data along 

the large thrust fault north of El Gabar shows little along strike angular variation in 

faulting direction from close to the tip to the segments with greater displacements further 

east. Therefore, the key implication is that it is likely that the early phases of thrust fault 

growth are overprinted, and that the source of this dispersion is hanging wall rotation. 

This provides evidence of vertical axis rotation on thrust sheets independent of 

palaeomagnetic data.

6.4 Discussion

In this study both the local plate motion vectors and partitioning styles are 

uncertain. Therefore, estimates of both must be made, using indirect information such as 

palaeomagnetic data and fault displacements. An additional complication is that 

deformation has continued to the present day and this has obscured some of the older 

structures. DeRuig (1990) suggested that sinistral strike-slip in the Alicante fold belt 

(Figure 1.3) had deflected local stress tensors in Miocene sediments from the expected 

regional trend. However, he did not have any palaeomagnetic control. It is important to 

note that the regional motion in the last 5 Ma includes a large component of dextral 

strike-slip (Dewey et a l, 1989).

The purpose of the following discussion is to relate kinematic data collected in 

the Velez Blanco area to the evolution of the Subbetic thrust belt, and examine the
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implications of its deformation to regional tectonics. First, the question; is it valid to use 

lineation data to make assertions about large scale motions will be asked. Secondly, 

mathematical models relating to oblique convergence in critical wedges will be discussed. 

Thirdly, the original plate convergence direction will be calculated using estimates of 

displacement.

Comparison of seismic moment tensor data with geodetic measurements in the 

Aegean region by Billiris et al. (1991) showed that earthquakes with a seismic moment 

above 5.8 can account for a significant proportion of finite strain in the upper crust. 

Some other regions of active deformation, however, show less agreement between 

seismic moments and measured deformation. In particular, zones where a very thick 

sediment cover (e.g. 10 km) and very thick ductile salt layers are present can encourage 

aseismic motion (Jackson and McKenzie, 1988). The Subbetic stratigraphy is thin 

(approximately 2 km) and the salt layer is relatively thin too. Hence, it is possible that 

motion on large faults alone could provide a reasonable description of crustal strain in 

the Velez Blanco area. Although shortening in the mountain belt is taken up on major 

faults this is not the only strain thrust sheets experience; they are tilted by both forward 

propagation of the thrust front and motion on the basal decollement of the orogenic 

wedge. The results of this study of Velez Blanco area lineation populations presented 

here suggests the data accurately reflect the motion of large blocks and overall strain. 

This is because lineations describe faults (section 6.2.1) and faults reflect regional strains, 

as discussed here. Jackson and McKenzie (1999) speculated that very large scale 

corrugations on fault surfaces may indicate co-seismic motion over up to 50 earthquakes. 

This suggests that fault surfaces have some memory of previous motion before the very 

last movement.

There was probably one major phase of faulting affecting the Velez Blanco area. 

Beets and DeRuig (1990) used ^^Sr/^Sr chronostratigraphy to examine the timing of 

deformation in the Prebetic near Alicante. This fold belt, like the Subbetic of Velez 

Blanco, is next to the lEZB and hence can be considered as structurally analogous. 

Although the study was limited by uncertainties in sea-level changes, in a possibly closed 

basin, it showed that the deformation front propagated northward. The study also 

discusses the possibility that two phases of deformation occurred in the internal parts of 

the fold belt as distinct forward and backward directed phases of motion. The dominant 

set of structures affecting this part of the Subbetic are back-directed faults. The outcrop
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pattern of the area resembles the interference pattern arising from superposition of two 

standing plane waves orientated at 30° to each other possibly analogous to SSE and ESE 

fold and thrust events (such as those described in section 6.2.4). Structural evidence 

(chapter 5) for forward directed thrusting is limited, and it is unlikely significant 

displacements occurred on such structures. There are few additional out-of-sequence 

thrusts (Morley, 1988) in the Velez Blanco area, apart from one possibly beneath the 

Sierra de Maria (Figure 6.5-18, section 5.3.4). The thrust sequence (Butler, 1987) is 

then one of forward breaking backthrusts.

The main reasons for a forward-breaking backthrusts sequence is probably 

Triassic evaporites at the base of the stratigraphy. Similar to the El Chorro area 

(Chapter 7), backthrusting may have been early in the history of deformation when 

sliding on evaporites, as yet not imbricated into the thrust pile, would have limited the 

potential for overthrust shear (Ramsay et a l, 1983). Davis and Englender (1985) 

documented the effect of salt in fold and thrust belts using simple mechanical arguments 

and geological examples to show that salt at the base of the thrust wedge leads to 

development of comparable populations of forward and back-directed thrusts with 

relatively steep dips. Early in the evolution of the external fold and thrust belt, the tip of 

the forward-driving indenter of Internal Zone material would presumably have been close 

to the deformation front. The small population of SW-directed (rotated) thrusts are 

possibly related to accommodation of vertical axis rotation associated with oblique 

convergence.

Mathematical models of the mechanical behaviour of thrust wedges such as that 

of Elliot (1976a) make testable predictions about deformation styles within them. These 

models make important assumptions about the mechanical properties of the deforming 

body. Platt (1993) derived analytical solutions showing that oblique convergence is 

partitioned in orogenic wedges differently according to their rheology. Partitioning may 

be reflected in differential amounts of distributed shear, strike-slip motion and obliquely 

directed thrusting. In the Subbetic, there is limited cleavage developed by pressure 

solution and this may have allowed a small amount of viscous behaviour during 

deformation. However, this thin skinned thrust belt only reaches a maximum thickness 

of 15 km (Banks and Warburton, 1991) and hence, deformation would have been 

predominately brittle. Ranalli (1995) discussed how it is likely that any deforming body 

will infact exhibit differing bulk rheological properties dependent upon time and length 

scale.



139

McCaffrey (1992) showed a maximum thrusting angle Ymax (c.f. Y of Figure 

6.1a) will be characteristic of many obliquely convergent margins. 'Fmax is a function of 

the arcsine of the ratio of the forces resisting strike-slip motion to those forces resisting 

thrusting. In the External Betics, the evaporite decollement may have served to allow 

easy thrust propagation, so the strike-slip faults would find comparative difficulty in 

passing though the hard limestone units. Therefore, the Ymax value would be high and 

oblique thrusting would be favoured. McCaffrey (1992) also showed that along a 

convergent margin, the curvature of the deforming zone affected the style of decoupling 

or partitioning in the overlying subduction complex. He also showed the proximity of 

the Euler pole of rotation between the two plates relative to the subduction margin was 

also important. This section of the Eastern Subbetic is not curved but straight and there 

is little evidence that it has been significantly bent (Platzman, 1992). In addition, there is 

little evidence for extension systematically directed parallel to strike, as might be 

predicted by McCaffrey’s model. This suggests the ‘pole of rotation’ was close 

(McCaffrey, 1992, Figure 5D therein). In this case a divergent pattern of motions such 

as those predicted by Platt and Vissers (1989) would be favoured. Although the analysis 

by McCaffrey (1992) is based on subduction zones with implications for backarc 

extension, the analysis is loosely valid for this setting of an orogenic thrust wedge and 

intra-continental deformation.

Kirker and Platt (1998) suggested that fault lineations in the Western Subbetic 

were effectively overprinted in the late phases of deformation. This may not be the case 

in the Eastern Subbetic. Allerton et al. (1994) showed that ESE-directed thrusting had 

occurred in the unrotated Sierra de Almirez. This thrusting direction continues to 

predominate towards the south of the Sierra de Almirez in the Sierra de Pericay (Figure

6.3). Given that these unrotated zones have more easterly directed thrusts than the 

clockwise rotated zones such as the Sierra de Maria and the El Gabar, it appears that the 

original thrusting direction has been preserved within these unrotated zones.

Assuming lineations have been rotated, it is possible to estimate the original 

thrusting direction. Data in chapter 4 suggests that the thrusting is dominated by one 

principal set of faults with very limited out-of-sequence thrusting. As discussed in 

section 6.2.5, the original thrusting direction is likely to be somewhere between the two 

peaks on Figures 6.6a and 6.6b (N55°W and N15°W). The original direction arguably
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lay closer to the peak on the ‘rotated’ plot whose value is N55°W assuming that 

lineations are rotated.

The lEZB is an approximately linear feature for hundreds of kilometres in the 

Betic Cordillera (Figure 1.3). No large scale imbrication has occurred between Subbetic 

and Internal Zone material and no significant crustal scale strike-slip faults offset this 

boundary in the Eastern Subbetic. Lonergan et al. (1994) found SSE-directed thrusting 

along this boundary. This is an apparent conflict with this study, which has shown that 

thrusting unaffected by subsequent deformation should be directed towards N55°W 

(equivalent to S55°E) on the basis that the kinematic data has been rotated. There are 

two possible solutions to this problem. First, the lEZB may have acted as the base of a 

highly partitioned and mechanically distinct backthrusted retro-wedge (see Figure 4.1b) 

over the Internal Zones during an intermediate phase of the deformation, leading to 

orthogonal convergence at the frontal wedge tip, overprinting previously formed data. 

This type of behaviour is conceivable as Platt ( 1993) showed wedges with a coulomb or 

plastic bulk rheology can have low frontal angles of obliquity when the convergence 

angle is very high, although the lEZB is very thick (100‘s metres) and representative of a 

prolonged history of motion. The second possibility is that the entire LEZB has been 

rotated by 20 to 30°. The possibility of rotation of this major boundary has significant 

implications for regional tectonics and reconstructions in this part of the western 

Mediterranean.

As discussed, given the widespread occurrence of vertical axis rotations across 

the Eastern Subbetic (this study and Allerton et a l, 1993) and the uncertainty of the 

precise timing of formation of lineations in Subbetic units relative to this rotation it is 

inappropriate to use a stress inversion procedure such as that of Etchecopar et al. 

(1981). The simplest estimate of regional strain can be done by examining the 

orientation of strike slip faults, shown from the Velez Blanco area on Figure 6.2h,i. The 

prevalence of NNW sinistral and WNW dextral strike-slip faults on these plots are typical 

of the Betics (c.f. Lonergan et a l, 1994). The additional ENE sinistral trend is possibly 

related to the Crevillente fault. The bisectors to conjugate sets at specific sites are also 

orientated towards the NW (Figure 6.3- 5,10). This is consistent with the work of 

DeRuig (1990) who considered that although local stress deflections occurred by late 

strike-slip faults in the area, the principal axis of strain was originally NW-directed.
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As discussed in section 6.1.1, an implication of oblique convergence is the 

possibility that motion is partitioned on strike-slip faults. Partitioning of the strike 

parallel component of motion along strike-slip faults within the Subbetic is likely to have 

been accommodated by motion along the Crevillente Fault Zone, as timing of motion on 

this fault is contemporaneous with thrusting. Gravity surveys across the Subbetic such 

as those used by Galindo-Zaldivar et a l (1997) vary smoothly, and it is unlikely that the 

Crevillente fault has developed a significant offset in the underlying Iberian basement 

because otherwise a pronounced step would be expected in the gravity profile 

corresponding to the position of the fault.

Estimates of displacements on Eastern Subbetic structures have been made. 

Paquet (1968) suggested 20 km of dextral displacement occurred on the Crevillente 

Fault Zone (section 6.1.1). This estimate is conceivable in light limits on displacement, 

inferred from fault scaling relationships discussed in section 6.2.2. If the displacement of 

the Crevillente Fault zone decays to a tip line to the north of the Velez Blanco area, then 

presumably displacement was transferred on to faults now hidden under the Barranda 

Basin (Figure 1.4). Blankenship (1992) estimated 200 km of Miocene shortening along a 

section orientated N40°W across the External Zones. Banks and Warburton (1991) 

estimate between 100 and 200 km of shortening on a comparable section orientated 

N45°W. This latter estimate includes some Miocene shortening in the Internal Zones. It 

is possible to reduce these estimates of the shortening to account for shortening parallel 

to the thrusting direction (Y) rather than the section line using the technique outlined in 

Appendix 2. Assuming fault planes have an average dip (p) 30°, the section of 

Blankenship (1992) is then in reality only shortened by 180 km. Rough area balance 

across the entire 400 km  ̂ cross section of Banks and Warburton (1991) with a 

stratigraphy originally 1.8 km thick, and an orogenic wedge now 8.5 km deep, provides a 

similar result of 175 km shortening.

Using these estimates of Subbetic displacements, it is possible to use simple 

trigonometrical relations to estimate the convergence direction, a, between stable Iberia 

to the north and the Alboran zone to the south, delimited on Figure 1.3. Figure 6.8 

shows the relative contributions of strike-parallel motion due to the Crevillente fault (c) 

and motion due to thrusting (f). Assuming the local strike of the Betics is 070°, and the 

thrusting direction (Y) is 55°. The resultant local plate motion vector may then be 

calculated using the sine rule:
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sin(55-6) sin(Ô) 
t ~ c

Equation 6.1 has solution:

0.52c

6 . 1.

tanÔ =
t

6 .2 .

Using c = 20 km and f =180  km, the solution to equation 6.2 is ô = 4°, and this gives a 

local plate motion vector of 301°, or N59°W. Clearly, these estimates have errors. If c 

= 0 then there was no partitioning on the Crevillente fault occurred and 0 = 0, and a  = Y 

= 55°. If the highest possible value of d t  is considered, c = 40 km and f =100  km, and 6 

= 12°, giving a plate vector 293° or N67°W.

In analysis, the most likely result (N59°W) shows significant components of N- 

directed and W-directed motion occurred. The westward component must then be 

provided by westward motion of the Alboran domain (Andrieux, 1972) or subduction 

zone rollback (Royden, 1993). The northward component must be included in the 

overall convergence between Africa and Iberia during Miocene time (Dewey et a l, 

1989). Extra northward motion would be provided by contemporaneous extension in the 

Internal Zones (Platt and Vissers, 1989) or lateral thrusting associated with subduction 

zone rollback (Lonergan and White, 1997).

Strike-slip displaceme 
(c = 20km)

North A  

Thrusting (t =180 km) ■
jdisplacement

(35°-0)
Resultant 

Plate Motion Vector (55°+5)

Figure 6.8. Constraints on the overall plate motion vector in the Subbetic. a  = Overall plate motion 

vector between Alboran Domain and stable Iberia.

6.5 Conclusion

It has been shown to be justifiable to use fault kinematic data to assess strain and 

transport directions in the Subbetic, given the small scale study of a small shear zone and 

adjacent fault surface in the Sierra de Maria, and the mapped patterns of reverse fault 

mean directions. Shortening occurred during the Miocene. In this area there is a 

complex sequence of faults that cross-cut each other. In general, however, strike-slip
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faults were formed later than reverse and normal faults. Conjugate sets of strike slip 

faults suggest a NW-directed principal axis of regional strain during the Miocene.

Resolution of the principal shortening direction has been complicated by vertical- 

axis rotations, which have rotated structures. Although there is some evidence from 

cross cutting relationships suggesting two phases of fold-and-thrust activity, the principal 

geometry of the thrust sequence is of an originally ESE-directed forward breaking 

backthrust sequence. The implication of this interpretation is the widespread rotation of 

faults and fault lineations has occurred in the Velez Blanco area. There is also evidence 

for rotation of thmst sheets on thmst faults, as great circles descriptive of dispersion of 

lineation data correlate to fault planes not folds, and is probably caused by tip line 

propagation.

The kinematic data collected in the Velez Blanco area confirms that Miocene 

thrusting was oblique to the strike of the mountain belt. Some partitioning of the oblique 

convergence occurred on strike-slip faults parallel to the mountain belt, principally the 

Crevillente fault. Comparison to mechanical models suggests the behaviour of the 

mountain belt is consistent with a system which is controlled by the effects of evaporites 

at the basal decollement, given the backthmsting and highly oblique nature of the 

thrusting. A resultant local plate motion vector between the Alboran Domain and Iberia 

is inferred as N59°W.
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Chapter 7: Structure, Kinematics and Palaeomaqnetism of the El 
Chorro area. Western Subbetic. Southern Spain.

7.1 Introduction

The palaeogeography and structure of the Betic Cordillera were discussed in 

chapter 1. This chapter concerns a small part of the Western Subbetic, the El Chorro 

area. The area, approximately 16 km ,̂ lies in the Internal Subbetic to the north and west 

of the village, El Chorro, whose location is shown on Figure 1.3. This area is adjacent to 

the Internal/ External Zone boundary (lEZB). In this area, however, it is unclear what 

the precise structural relationships are between the Internal and External Zones.

Kinematic work in the Western Subbetic has shown thrusting was predominately 

WNW-directed (Platt et a l, 1995, Kirker and Platt, 1998, Platzman, 1994). The 

Western Subbetic has been the subject of palaeomagnetic studies which have shown the 

rocks have a stable remanent magnetisation (Platzman and Lowrie, 1992, Platzman, 

1992, 1994, Platt et al, 1995, Kirker and McClelland, 1996, Villalain et a l, 1994, 1996). 

These studies also established that clockwise vertical axis rotations of the stable 

components had occurred whose magnitudes in the internal part of the Subbetic vary 

from 0 to 90°, but typically are of the order of 60°. Villalain (1994, 1996) presented 

data from two sites in the El Chorro area. In a palaeomagnetic study of the nearby 

Ronda peridotite, Feinburg et a l  (1996) showed that rotations of these magnitudes in the 

Internal Zones were most probably acquired during cooling in the period between 23 and 

18 Ma.

The structure of the El Chorro area is an imbricate sequence of S-dipping, E- 

striking thrusts in map pattern (IGME, 1990). Thrust faults are commonly cited as the 

bounding structures to zones of differential vertical axis rotation (Bates, 1989, Potts, 

1990, Allerton, 1994). The aim of this study is to describe this thrust sequence more 

rigorously and then in this framework, to investigate whether differential vertical axis 

rotation occurred between and along the thrust sheets.

7.2 Geological setting

This section will introduce the geology of the Subbetic of the El Chorro area and 

surrounding palaeogeographic units. A geological map is shown on Figure 7.1 and in 

more detail on map 2 (enclosure), which includes field data. Sedimentological features 

were discussed in detail by IGME (1990), who published a geological map (1:50000) of 

the area. Kockel (1963) discussed the sedimentology of local Internal Subbetic units to
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the west, in the Ronda area. Garcia-Hernandez et al. (1980) discussed the history of 

sedimentation in the Subbetic in general.

The Mesozoic to mid-Tertiary pre-shortening geological history of the Subbetic 

is of increasingly deeper water sedimentation. The El Chorro stratigraphie section is 

summarised in Figure 7.2. Triassic continental deposits give way to platform carbonates 

in the Jurassic. Triassic evaporites provide an easy basal detachment for thrust sheets. 

Following Jurassic rifting, pelagic and gravitational sediments were deposited in the 

Cretaceous and Tertiary. The south end of the gorge, Desfiladero de los Gaitanes, 1 km 

north of the village, El Chorro, contains a continuous section through the stratigraphy 

from the Triassic to the Tertiary. It is not cut by any significant faults. A railway tunnel 

passes through almost normal to bedding giving good constraint on stratigraphie 

thickness, also shown on Figure 7.2. Figure 7.1 has a simplified stratigraphy with three 

Subbetic geological units: Triassic, Jurassic and Cretaceous to Tertiary.
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Figure 7.2. G eneralised stratigraphy of the El Chorro area. Thicknesses are based on the section 

through the gorge, Desaderfilero de los Gaitanes (IGM E, 1990).

The most southerly ridge of limestone lies between the Malaguide complex of the 

Internal Zones and the south of the Sierra de Huma (Figure 7.1) directly east of El 

Chorro village. These rocks have been compared by IGME (1990) with the Predorsale



147

palaeogeographic unit. The type section Dorsale and Predorsale are large, 

unmetamorphosed Jurassic and Cretaceous pelagic sediments of the Moroccan Rif 

generally assigned to the Internal Zones because they are thrust over flysch nappes also 

associated with the Internal Zones. Here in the El Chorro area these units cannot be 

readily distinguished from the adjacent Internal Subbetic, referred to as Penibetic here in 

the Western Betics by Martm-Algarra (1987). There is no flysch imbricated in front of 

the Sierra de Huma. However, this ridge of limestone accounts for a small area of cross 

section in this area, however, so does not provide a major problem for regional tectonics.

The proximity of the Internal/ External Zone boundary, the absence of major 

backthrusts and the low angle between thrust faults and bedding suggest that the rocks 

from the El Chorro area were from the most internal part of the Subbetic and the 

structures present in the Subbetic here were formed early in the shortening history. 

Furthermore, the end of thrusting within this part of the Subbetic is constrained by 

conglomerates and calcarenites lying unconformably on the Subbetic along the Western 

edge of the area. Their age, given by IGME (1990), is Late Tortonian, so approximately 

7-10 Ma. There is minimal deformation in these beds and the complex depositional 

geometries are mostly undisturbed. Sea level fluctuations above the present day have 

been of the order of 100 m since the Tortonian (Haq, Hardenbol and Vail, 1987). These 

units were deposited in a marine environment and the Tortonian beds form the Sierra de 

Pizarra (shown on Figure 7.1) that reach a height of 665 m. This suggests that large 

vertical motions (>500m) have occurred since this time. It is likely that the thrust faults 

cutting the El Chorro Subbetic were formed early in the shortening history and since then 

the orogenic wedge has thickened significantly.

In the NE comer of the area (Figure 7.1) there is a fine grained sequence of 

normally graded sandstone beds, a ‘flysch-type’ unit dated by Peyre (1974) as Early 

Aquitanian. IGME (1990) estimated the initial stratigraphie thickness of this unit was 

500m. It is a preorogenic unit (pre-Burdigalian) so predates deformation assuming 

dating is correct. The ‘flysch’ is poorly exposed in this region and hence structural 

relationships and geometries are difficult to ascertain, although where visible, sequences 

are commonly overturned and folded. Kinematic data is only well developed in capas 

rojas rocks (IGME, 1990, unit 40 and Figure 7.1) near the contact with the sandstone 

beds of the flysch unit. It remains inconclusive whether this kinematic data gives 

information on the nature of the contact with the sandstone. The next Subbetic 

palaeogeographic unit to the north of the area is the Median Subbetic. If flysch lies
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above the El Chorro Subbetic, then it forms a passive roof complex, detached from the 

Median Subbetic on a S-directed backthrust over the Internal Subbetic given that it is not 

imbricated with the Internal Subbetic.

Despite ambiguities with surrounding rock units, it is possible to consider the 

internal structure of the Subbetic of the El Chorro area and draw conclusions about this. 

The rest of this chapter will then concentrate on the Subbetic rocks of the El Chorro 

area, and return to the considerations of the local tectonics at the end.

7.3 Structural Study

7.3.1 The structure of the El Chorro area

The geological map (Figure 7.1) reveals a structure dominated by a series of 

imbricate and mostly N-directed thrust faults. The thrust faults and bedding 

progressively steepen towards the hinterland illustrated by bedding information on map 

2. Significant variations in relief across the area help constrain three cross-sections

shown in Figure 7.3 (X-X, Y-Y’, Z-Z’), whose locations are shown on Figure 7.1.

These are drawn across the area based on field measurements of bedding, kinematic data 

and stratigraphie data (map 2, Table 7.1). There is no out-of-sequence thrusting, so a 

forward breaking thrust sequence (Butler, 1987) is the most plausible interpretation of 

this structure. The original geometry of these thrust faults above ground is 

unconstrained, but it is more likely that the original geometry was of an imbricate fan 

rather than a duplex (Boyer and Elliot, 1982). This assertion is based on the presence of 

Tortonian conglomerates which limit the time for erosion and the lack of deformation the 

they have experienced. If the conglomerates were formed during deformation, then they 

should be more deformed and be cut by faults.

The Sierra de Huma (Figure 7.3 Y-Y’) is a S-dipping monoclinal fold, whose 

geometry can be traced with the thin red Oxfordian limestone marker horizon (Figure 

7.2). The monoclinal structure can be traced west across the gorge, Desaderfilero de los 

Gaitanes (Figure 7.1), because sub-horizontal beds on the W-side of the gorge are in 

stratigraphie continuity with sub-vertical beds at the S-end of the gorge. It seems hkely 

that the northern limb was originally more steeply N-dipping than it is now but the whole 

structure has been tilted back to horizontal during the evolution of the thrust sequence, 

given that other surrounding thrust sheets have been rotated in this sense.
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No. Grid Reference Fault «95 n Lineation «95 n Sense Routed lineation
E N Dip Dip Dir. Dip azimuth dip azimuth

B150 5049 2583 5 279 **** 2 8 10 20 2 dex * *

E151 5053 2585 81.6 167.2 8.8 5 53.7 246 15 5 sin * *

E152 5056 2584 66.3 168.3 8.8 3 61 197.5 5 3 sin * *

E153 2577 2587 60.5 151.8 12.7 3 **** **** **** ** ? * *

E154 2577 5048 73.6 348.2 21.6 3 63.3 291 28 3 rev 1.1 326.4
E155 5062 2577 65 175 H- H* 'K 1 26 342 **** 1 norm * *

E156 5031 2628 80 297.6 9.5 10 76.6 334.1 7.2 10 rev -0.8 305.5
E157 5037 2631 84.7 240.7 4.2 3 40 160 **** 3 norm * *

E158 5042 2628 7.2 152.9 13.1 10 9.1 126.5 10 10 rev 2.6 126.8
E159 4983 2565 47.8 354.6 11.1 10 52.1 328.2 17 10 rev 7 33&6
E l 60 5100 2632 56.3 57.9 11.5 9 46 7.9 9.5 9 rev 1.6 25.7
E l 5019 2604 42.5 129 21.4 3 43 108 22 3 norm * *

E2 5085 2597 83 45 **** 11 21.9 308.1 14 11 dex * *

E3 5078 2606 50.7 165.3 8 10 36.5 116.5 5.8 11 rev -1.9 128.1
E4 5021 2622 45 167.2 5.9 3 37.2 123.5 14 3 rev 1.2 133.8
E5 5020 2622 67.3 204.4 11.2 3 3 293.3 6.3 3 dex * *

E6 5031 2624 23.8 132.3 10.7 9 17.6 98.2 8.5 9 rev -2.4 100
E7 5031 2625 76 280 9.7 2 5 193.5 4.9 2 late sin * *

E8 5031 2625 34 149.5 8.8 2 27.5 127 12 2 rev -4.3 129.6
E9 5031 2623 51.8 262.4 6.8 9 49.9 263.6 8.2 9 norm * *

ElO 5023 2600 27.9 19.6 7.9 10 0 294.6 **** 11 rev -2.3 294
E l l 5030 2601 49.3 322.4 7.9 6 49.3 317.8 11 6 rev 0.2 320
E12 5030 2596 64.6 274.4 11.5 8 59 239.4 12 8 norm * *

E13 5030 2597 29.9 265.2 **** 6 23.4 309.2 **** 6 rev 0.9 304.8
E14 5031 2601 12.4 346 14.1 8 15.6 102.2 8.9 8 rev * *

E15 5044 2603 42.1 170.3 8.6 10 36 105.6 28 12 rev 11.8 122
E16 5062 2638 59.4 353.9 6.3 10 58.5 18.5 7.3 10 ?rev *

E17 5063 2622 28 3 147.9 26.9 7 26.1 132.6 14 7 rev -1.3 134.2
E18 5061 2639 90 175 **** 7 5 85 **** 7 dex * *

E19 5088 2587 49 32.6 9.2 9 30.7 8&9 7.6 9 norm/ dex *

E20 5025 2625 18.8 62.1 9.8 12 32.4 92.3 **** 12 rev 15.8 88.3
E21 5064 2618 85 60 **** 6 5 155 **** 6 sin * *

E22 5063 2617 8.5 84.8 **** 6 21.5 317.4 6 5 dex * *

E23 5063 2615 56.5 325.2 8.2 8 56.5 292.4 5.4 8 norm * *

E24 5106 2628 41 357.7 11.2 5 37.1 20.4 12 5 norm/ dex *

E26 5101 2617 25 51.3 8 12 21.5 29.5 8.5 12 rev to S -1.9 31.1
E27 5103 2615 42.1 7.1 6.9 10 27.9 65.8 8 10 rev -6.6 60.9
E28 5060 2605 42.1 143.2 23.5 3 30.3 883 15 3 rev 2.4 98.2
E29 5051 2603 35.9 167 10.8 12 22.4 112.9 **** 12 rev -0.5 118.5
E30 5102 2606 55.1 166.5 9.3 10 49.8 129.3 11 10 norm * *

E31 5103 2606 85.4 356.1 **** 10 9.5 80.7 27 10 dx * *

E32 5103 2628 66.5 345.4 10.2 8 35.6 273.6 8.4 8 norm/sin *

E33 5048 2635 42.6 165 6.6 11 30.1 108.3 5.5 11 rev 2.7 118.6
E52 5066 2566 13 258.2 17.2 4 13.6 349 19 4 sin * *

E53 5038 2628 39.5 91.7 23.2 7 53.1 281.3 9.5 7 norm * *

E55 5055 2612 27.2 247.5 **** 7 9.1 129.4 13 7 dex * *

E56 5021 2605 13 71.5 42.8 7 26.7 333.4 5.8 7 sin * *

Table 7.1. Summary of kinematic data from the El Chorro area. «95= Fisher dispersion angle, n = 

number in population. Sense: dominant lineation direction listed first, dex = dextral. sin = sinistral. rev 

= reverse, norm = normal. Rotated lineation = effect of rotating lineations on thrust fault plane to 

horizontal.
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One S-directed backthrust (Figure 7.3 X-X’) is located at the N-end of the gorge, 

Desaderfilero de los Gaitanes (Figure 7.1). The displacement is significant given that 

Triassic evaporites are thrust over rocks of the capas rojas facies (see stratigraphie 

thicknesses on Figure 7.2 and lithological description in section 4.2.1). This fault 

appears to have been active at the same time as the fault further east on the north side of 

the same block, Salto de la Zorra, as no cross cutting relationships can be seen and the 

fault tip lines are very close suggesting displacement transfer. Davis and Engelder 

(1985) used simple mechanical arguments to show that the occurrence of backthrusting 

can be associated with low basal shear on salt horizons, in this case, the Triassic 

evaporites. Such forward and back-directed thrusting will be kinematically linked and 

occur here before the evaporites are imbricated into the thrust sequence in the later 

stages of mountain belt construction when the thrust pile was thickened.

The Sierra de Valle de Abdeijais (Figure 7.3 Z-Z’), in the east of the area, has an 

anticlinal structure with a wavelength of at least a kilometre. At the SW comer of this 

fold a limestone of Liassic age (IGME, 1990, unit 37) is overlain unconformably by 

Lower Cretaceous rocks. The absence of Malm and Dogger is likely to be a 

consequence of the widespread regional extension during the Jurassic, which was 

discussed in detail in chapter 4 and was documented by Garcia-Hernandez et al. (1980). 

Furthermore, to the north of the Sierra de Valle de Abdeijais, short wavelength folding 

appears to dominate over thmsting, which contrasts with the rest of the area, which is 

dominated by thmsting. A different thickness of competent Jurassic limestone may be 

the cause of the change in stmctural style. The Biot-Ramberg law (Biot, 1961) states 

that if a layer of known thickness is sandwiched between identical layers of a different 

viscosity, then the fold wavelength is predictable. If the viscosity contrasts are a fixed 

ratio, then the wavelength of folding will decrease linearly with the thickness of the 

middle layer. Erosion or a hiatus in deposition can lead to such thickness variations. 

This may explain why folding is the preferred shortening style in this cross section 

(Figure 7.3, Z-Z’).

Late E-W normal faults cut across the area. A sequence of these faults step 

down from a high point, which can be very clearly seen when viewed from the North 

along the ridge ‘Tajo de los Cabritos’ (Figure 7.1). Their net displacement is not 

enough, however, to cause the apparent differential vertical motions across the area. 

Table 7.2 shows the results of calculating Bingham distribution girdles (section 2.3.3) 

using composite populations of bedding poles. These axes are plotted on Figure 7.1 as
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SI, S2 etc. The distribution of axis trends are parallel to each other and map fault traces 

of the area. Folds plunge E on the eastern margin and W on the western margin of the 

area. This shows that the overall structure of the El Chorro area is a thrust culmination. 

Culminations were discussed by Boyer and Elliot (1982) who described their 

characteristic morphologies and intrinsic link to thrust systems. They suggested 

culminations are caused by folding over underlying ramps and duplexes, often 

subsequent to the thrust activity. Other causes of culminations within duplexes or 

imbricate systems they suggested are; dissimilar initial fault trajectories, changes in 

stratigraphie thickness, and variable amounts of contraction.

Site Grid Reference n Plunge Trend
East North

SI 5020 2600 34 17 263
S3 5100 2630 28 12 49
S4 5080 2600 26 14 243
S5 5060 2630 24 9 76
S6 5080 2620 29 15 62
S7 5050 2600 38 8 256
SB 5030 2620 13 18 233
S9 5110 2610 15 5 63

Table 7.2. Fold axis data for the El Chorro area. Grid References are given to the nearest kilometre 

from published map (IGME, 1990). n= number of bedding poles in population. Trend, Plunge give fold 

axes.

7.3.2 Kinematic data

The methods of kinematic data collection are outlined in sections 3.3 and 6.2. 

Fault lineations and the fault containing the lineation were measured separately. Data 

were collected from shear zones containing fibre lineations formed in capas rojas rocks 

(figure 7.2) and from the slickensided surfaces of Jurassic limestones. When large fault 

surfaces were exposed Reidel shear fractures could also be distinguished. Shear fabrics 

adjacent to large fault planes were examined to confirm the sense and direction of slip. 

Jurassic rocks are massive and it is hard to distinguish faults within them, except at the 

contact with Cretaceous marls, where good estimates of displacement can be made if a 

late fault is examined. Triassic rocks have dense networks of cross-cutting growth fibres 

and it is not possible to identify a particular set as characteristic of the major transport 

direction between opposing fault blocks on a larger scale.

A summary of kinematic data means calculated using Fisher statistics (Fisher, 

1953) is shown on Table 7.1. Sites are listed by name on this table and in the text as
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' E x x x .  Examples of datasets are shown on Figure 7.4. Cross sections in Figure 7.3 

show that shortening of the El Chorro area is predominantly on reverse faults. 

Lineations on thrust faults are typically WNW-directed and are plotted on Figure 7.1 as 

black filled arrows, reflecting the directions of motion of the hangingwalls of these faults.

: Kinematic Data ;
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d NN
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Figuie 7.4. Caption overleaf.
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E19Normal

Figure 7.4. K inem atics of the El Chorro 

area. Equal area stereoplots show great 

circles of fault planes measured, points of 

m easured lineations and mean vector with 

«95 uncertianty. See table 7.1 for grid 

references.

Thrust faults commonly form at subhorizontal angles to bedding during the 

development of thrust systems (Boyer and Elliot, 1982). Inactive thrust faults can often 

be passively rotated to increasingly steep angles as thrusting progresses. Assuming this 

has occurred, when the steepened faults in the El Chorro area are rotated back to the 

horizontal around their strike, lineations give an original transport direction towards the 

NW. The results of this transformation can be seen on Table 7.1 in the column labelled 

‘rotated lineation’, and are marked on Figure 7.1, as unfilled white arrows. Once the 

polarity of E-directed reverse fault means are converted to westward directions, the 

overall fisher mean for 20 reverse faults is 300.0/ -9.0° (declination/ inclination) and for 

lineations rotated to the horizontal is 307.0/ -01.0°.

The nature of the contact with the Internal Zones is unclear, as there is limited 

kinematic data available on the local lEZB. At one site ( E l 9), white Cretaceous marl is 

thrust SE over red Permo-Triassic Malaguide rocks of the Internal Zones (Figure 7.1). 

To the west of the El Chorro area, near the lake, at grid reference 4983 2565 of the 

published map (IGME, 1990), a similar relationship occurs ( E l59). These S-directed 

backthrusts have an opposite sense to the majority of N-directed thrust faults, in the El 

Chorro area. This observation appears to conflict with Vissers et al. (1995) who 

maintained that the fundamental nature of the lEZB in the Western Betics is forward 

directed thrusting of the Internal Zones over the External Zones. The majority of thrusts 

within the El Chorro area are forward directed however, and this backthrusting is 

probably an exception.

Strike slip faults (Figure 7.4d) are also common in the area, as can be seen on 

map 2 (enclosure). Strike-slip faults can be observed to systematically cut the earlier 

formed thrust faults. An example of such a strike-slip fault can be seen 2 km west of the 

village Valle de Abdeijais, Figure 7.1, E2. Here, excellent wear grooves and corrugations
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with a wavelength of up to 2 metres on a vertical limestone ‘wall’ correlate with a shear 

zone exposed up to 3 metres away from it. The shear zone contains a gouge fabric with 

good shear bands and fibre lineations. Strike-slip faults truncated by reverse faults are 

less common although they have been observed.

Sinistral faults strike between N and NNE, and dextral faults strike between 

WNW and NW. The bisector of these average orientations gives a simplistic estimate of 

the principal axis of late strain, assuming the two sets formed at the same time, which is 

reasonable given that neither set systematically cross cuts the other. The principal 

shortening direction is oriented towards the NW and is comparable to the transport 

directions for reverse faults.

Normal faults in this region are present as two populations with moderate 

displacements. The first set are hanging wall ‘drop faults’ (e.g. E30 in Figure 7.4f). They 

are commonly formed in the hanging walls of thrust faults in ramp anticlines when a 

component of extensional strain occurs on the outside of the fold. Here, they are 

associated with the previously discussed reverse faulting. The strike of these faults is 

parallel to the ramp anticlines, generally E-W. The second population is characterised by 

N-S striking normal faults leading to E-W extension which post date the reverse faults. 

This relationship is clearly exhibited at the W-end of the Sierra Liana. Here a graben 

with normal fault E9 (Figure 7.4b) cuts a thrust fault E6 (Figure 7.4e) likely to be the 

second youngest in the sequence, assuming a forward breaking thrust sequence.

Linkages between normal fault segments with strike-slip faults can be seen on 

Figure 7.1, further to the west of the Sierra Liana. The sinistral strike-slip fault at the 

end of the graben transfers displacement between normal faults and shows that this 

population is not ‘parasitic’ to the shortening structures. Timing relationships between 

normal and other strike slip faults are unclear, but E-W extension in this direction is 

likely to be associated with the formation of small intra-montane, ‘piggy-back’ basins 

such as the one containing the Tortonian conglomerate, formed in the later stages of 

deformation.

7.4 Palaeomagnetic Results

Recent palaeomagnetic work has shown that a three component behaviour is 

characteristic of the Western Subbetic. This has been described by Villalain et al. (1994,

1996) and Kirker and McClelland (1996), who showed that intermediate components 

were magnetised during the Miocene, and were acquired pre-, syn- and post- folding.



156

There are no reversals in the intermediate temperature components as they were acquired 

rapidly and simultaneously across sampling sites. Table 7.3 summarises the components 

described by these authors.

Component Name Demagnetisation 

Temp, range /°C

Magnetisation time Name*

Low temperature 0-200 Present day overprint V

Intermediate 250-420 Pre, syn, post folding A

High temperature 450-575 Original Mesozoic ChRM. B

Table 7.3. Demagnetisation components of the Western Subbetic, after Villalain et al. (1994, 1996). 

ChRM is Characteristic Remnant Magnetisation, see chapter 2 for explanation. * Given by Villalain et 

a l  (1994, 1996).

A full description of experimental techniques is given in Chapter 3, although 

some features particular to El Chorro area samples are discussed in more detail here. 

Successful sites were obtained from three rock units sampled in the El Chorro area. 

These are the Oxfordian, ammonitico rosso and capas rojas units (Figure 7.2). 

Experiments to test anisotropy of magnetic susceptibility showed minimal P values as 

can be seen on Table 7.4 in the column labelled ‘anisotropy’. P-values are defined as P = 

kmax/ kmin, the ratio of the long to short principal axes of magnetic susceptibility.

7.4.1 Oxfordian and Ammonitico Rosso units

Sites NA, ND, NF and NK were sampled from a band of red-pink Oxfordian 

nodular limestone (Figure 7.2). This limestone preferentially weathered out in outcrop 

compared to the more massive grey limestone above and below it in section. Ammonites 

are abundant in this rock unit. Sites NB, NC, NE, NG, NH, NI, NL and NM were 

sampled from the very top (1 to 2 m) of the upper grey limestone sections, which 

terminate as the Kimmeridgian- Berriasian ammonitico rosso, another red-pink 

limestone, which marks the end of platform carbonate sedimentation in the region. 

Stratigraphically above this section there are white marls. The ammonitico rosso facies 

is described in the stratigraphy section 4.2.1 and in detail by Jeynkins (1974).

Both Jurassic rock units sampled in the El Chorro area have very similar lithological and 

palaeomagnetic properties and exhibit the three component behaviour discussed in 

section 7.1. Zijderveld plots (Zijderveld, 1967, section 2.1.4) in geographic coordinates 

with no tectonic correction of typical thermal demagnetisation behaviour are shown for



Site
Low Temp.(geographic) 
Dec Inc a9s k n

Intermediate temperature components 
GD GI Œ95 k TD TI Œ95 k n GD

High Temperature Components 
GI Œ95 k TD TI Œ95 k n

N Aniso
tropy

Av.
T.C.

Unit

NA 2 59 3 129 21 46 45 3.7 63 53 63 5 38 25 34 37 16 7.4 45 52 18 6.1 13 22 ** 246/22 Ox
NB 356 54 41 4.4 5 11 56 31 7.2 355 30 31 7 5 Too poorly defined ** ** ** ** ** 6 1.056 318/47 a
NC 3 52 8 105 5 36 42 11 47 111 60 14 29 5 Too poorly defined ** ** 80 ** ** 6 * * 184/55 a
ND 8 55 6 53 13 39 46 3.4 100 39 50 4 74 19 26 41 12 11 22 43 13 11 15 19 1.016 190/08 Ox
NE 9 48 7 37 12 27 30 8.2 29 97 40 9 25 12 3.4 1.5 6 143 50 66 3.7 231 9 12 ** 155/78 a
NF 5 48 5 112 9 31 26 4.6 126 82 58 6 76 9 25 4.6 14 14 53 51 13 15 10 12 1.016 178/58 Ox
NG 12 53 55 1.3 21 70 19 46 1.4 80 19 45 2 21 32 39 18 8 38 53 17 9.7 10 24 1.013 170/25 a
NH 4 53 12 23 8 22 44 12 19 35 49 12 21 9 21 7.9 26 7.9 12 29 23 10 7 13 1.04 120/14 a
NI 6 54 4 53 23 80 44 3.9 68 46 31 5 46 21 45 48 21 85 34 27 17 5.3 17 26 1.089 350/42 a
NK 256 76 42 2 8 44 50 18 11 42 57 18 10 8 42 40 13 24 20 17 19 11 8 13 1.008 250/08 Ox
NL 2 52 7 55 11 69 51 5.2 79 37 36 6 54 11 79 54 14 20 43 45 14 21 7 12 1.04 346/34 a
NM 351 53 4 125 13 29 47 6.6 45 116 48 7 46 12 197 33 11 18 193 -23 12 17 11 15 1.015 165/63 a
CL 353 60 6 51 11 14 17 7.7 33 74 44 8 34 12 10 3 7 35 52 48 7.2 37 12 12 1.069 151/74 c
JABl data not given 24 12 6 89 87 57 6 89 8 data not given 12 ** 170/80 Ox
JAB2 data not given 45 53 9 38 53 32 9 38 8 data not given 9 ** 072/21 Ox

Table 7.4. Œ95 = Fisher (1953) dispersion angle. k= precision parameter. n= no. of points in dataset. GD= Geographic declination. GI= 
Geographic inclination. TD= Tectonic Declination. TI Tectonic inclination. R= No. of reversed samples in dataset. N = total numbers of 
samples demagnetised. Anisotropy= P-factor. Av.T.C.= Average Tectonic correction (dip direction and dip). Rock units: Ox= Oxfordian unit, 
a= ammoniticoo rosso unit, c= capas rojas unit. Grid reference locations are shown on table 3.1. JABl and JAB2 are taken from Villalain et 
al. (\996).
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the Oxfordian (Figure 7.5a,b,c) and ammonitico rosso (Figure 7.5d,e,f) units. Samples 

with reversed high temperature components are shown to highlight the temperature 

ranges of the three components, where the high temperature components are reversed.

Thermal demagnetisation of Isothermal Remnant Magnetisation (IRM) 

experiments (Lowrie, 1990) are discussed in sections 2.1.6. Figures 7.6a,b,c show plots 

of the results of experiments on specimens from the Oxfordian unit. Figure 7.6a shows a 

low coercivity mineral demagnetising at approximately 550°C and this is suggestive of 

magnetite containing a small amount of titanium. The negative magnetisation is likely to 

be measurement error. Figure 7.6b shows a high coercivity mineral demagnetising at 680 

°C which is most likely to be haematite and goethite. Figure 7.6c also from the 

Oxfordian unit contains a mixture of high, medium and low coercivity fractions. The low 

coercivity fraction is demagnetised between 500 and 600 °C so is probably magnetite. 

The medium coercivity fraction is possibly pyrrhotite and the high coercivity fraction is 

likely to be a mixture of haematite and goethite. The haematite and magnetite 

demagnetisation temperatures are slightly below the expected values: this is likely to be 

due to some titanium present in both these phases. Figure 7.6d is a specimen of 

ammonitico rosso which contains a low coercivity mineral with a Curie temperature 

575°C which is probably magnetite, a medium coercivity mineral demagnetising at 350 

°C which is probably pyrrhotite and a high coercivity mineral demagnetising at 400 °C 

which is possibly maghemite, but this is difficult to resolve. Figure 7.6e is very similar to 

7.6d, with the exception that there is a kink in the high coercivity fraction at 100°C. This 

kink is likely to be due to a much larger amount of goethite present in this sample. It is 

notable the variety of magnetic mineralogies, both in terms of which minerals are present 

and the differing ratios of contributions to the remanent magnetisation of minerals 

present. This may be due to the chemical effects of remagnetisation, if it occurred, or an 

artefact of the chemically heterogeneous environment in which these rocks were 

deposited.
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Figure 7.5. Results of thermal demagnetisation experiments on specimens from the El Chorro area. See 

text for explanation.
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Figure 7.6. Thermal dem agnetisation of Isothermal Remnant M agnetisation, using the m ethod of Lowrie 

(1990). Cores taken from sites in the El Chorro area.
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High temperature components were calculated in the 450 to 575°C range using 

linear regression not anchored to the origin, in order to check they were not mixed. 

Samples were discarded when the intensity of Natural Remanent Magnetisation (NRM) 

was not high enough to distinguish measurements from magnetometer noise or the 

recorded errors were too high. Mixed components are discussed in section 2.1.6, and 

occur when the thermal spectra of components with different directions overlap. Linear 

regression was applied to the cases where it was clear that there was no mixing between 

the high temperature and intermediate temperature components, by inspection of 

stereonet plots (see Figure 2.4d). In the majority of cases, however, there was 

component mixing and it was impossible to resolve clear linear segments decaying to the 

origin for high temperature components, so site means were calculated using the great 

circle routine of McFadden and McElhinny (1988). This routine combines the limited 

number of linear non-overlapping segments, named ‘setpoints’ with great circles fitted 

through the data. Maximum likelihood estimates of the position of the stable 

components are calculated as the nearest point on great circles to the ‘set point’ and 

convergence point of the great circles by iteration. A stereoplot on Figure 7.7 illustrates 

a computer generated plot for site NA using this technique. Setpoints are highlighted on 

this Figure. In order to obtain the maximum definition to great circles, extra temperature 

steps were added to thermal demagnetisation experiments in the 350 to 500°C range, as 

specimens often had minimal magnetisation by 500°C.

M aximum 
likelihood estimates 
o f stable endpoints

Alpha 95 
dispersion

Setpoints

Great circle

A l p h a 9 5  p l oL t -0d

Figure 7.7. Com puter generated plot of lower hem isphere stereoplot, illustrating technique for 

extracting high temperature com ponents for site NA.
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7.4.2 Capas rojas unit

This unit was sampled at site CL. The lithological properties of this unit are very 

similar to those of the capas rojas in the Eastern Subbetic, described in chapter 4. The 

capas rojas or couches rouges facies is a red/ orange laminated marly limestone 

described in section 4.2.1. Low temperature and intermediate temperature components 

were found during thermal demagnetisation experiments in the 0 to 180°C and 250 to 

420°C ranges respectively (Figure 7.5g). The remagnetisation problem was not as 

significant here, as well defined linear components could be found for the 450 to 575°C 

range. Figure 7.5h shows the decay of magnetisation with increasing temperature is less 

rapid than that occurring during demagnetisation of Jurassic units, so consequently the 

McFadden and McFlhinny (1988) great circle routine was not required.

The results of a thermal demagnetisation of IRM experiment are shown on Figure 

7.6f. The assemblage of magnetic minerals here is a mixture of high, medium and low 

coercivity fractions. The dominant low coercivity mineral demagnetising at 575°C is 

probably magnetite. The high and medium coercivity demagnetisation fractions are 

described by curves with a concave shape suggesting at least two minerals may be 

present in both these ranges.

7.4.3 Results of this study

Table 7.4 shows a summary of demagnetisation results for successful sites, with 

means of low, intermediate and high temperature components before and after tectonic 

correction. Site means of low temperature components are plotted on Figure 7.8a, in 

geographic coordinates. The directions correlate with a present day overprint (expected 

as 000 756°), indicating it is a viscous remanent magnetisation. High temperature 

components, corrected for tectonic tilt are plotted on Figure 7.1 and on a stereoplot in 

Figure 7.8b, with 95% error cones. Sites cannot be statistically distinguished when both 

site means lie within the others error cone as they fail the F-test (Fisher, 1953). In map 

pattern, vertical axis rotation varies across and along the area, particularly on the most 

internal thrust sheet. Figure 7.8c,d shows the intermediate temperature components in 

geographic and tectonic coordinates with 95% confidence cones. Names are omitted for 

clarity.
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Figure 7.8. Equal area stereoplot of site means for the El Chorro area, (a) Low temperature 

com ponents, with mean direction, (b) High tem perature com ponents after tectonic correction. 

Individual points are labelled, (c) Intermediate temperature com ponents, not corrected for structural tilt, 

(d) Interm ediate temperature com ponents corrected for tilting. The error for NG is omitted from (c) and 

(d). All circles show Fisher 095 confidence cones.

Initial sampling of sites NA, NB, NC, ND, NE, NF, NG, NH, NI, NJ, NK and 

CL was conducted in September 1997. More samples were collected in order to reduce 

the errors associated with site means, so sites NA, ND, NG, NH and NI were resampled 

in March 1998. Both years’ populations were merged as datasets. The merged datasets 

are used in the results and discussion sections.
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7.4.4 Timing of magnetisation

If the Fisher mean for all sites (e.g. NA, NB etc.) is computed it will have a 

steeper than expected inclination because of the differential vertical axis rotations as 

these composite populations are not spherically symmetric. It is more appropriate to use 

the vonMises distribution discussed in section 2.3.1. Mean inclinations, 0 and their 95% 

confidence intervals were calculated using the equations of that section. This method is 

also more representative than a simple numerical mean. McFadden and Reid (1982) 

detailed a technique for analysis of inclination values, but the simpler technique was 

preferred in this study.

The mean inclinations of Late Jurassic sites will be discussed first. There are ten 

sites in these calculations. The mean value for intermediate temperature components is 

39.8 ±6.5° in geographic coordinates and 45.0 ±6.9° in tectonic coordinates. The 

expected inclination for the Early Miocene is 56° (Westphal et a l, 1986), suggesting the 

tectonically corrected values are closer to the position of magnetisation. The result for 

high temperature components is 26.0 ±12.2° in geographic coordinates and 41.2 ±7.9° in 

tectonic coordinates. Expected inclinations for the Middle to Late Oxfordian from 

studies of magnetostratigraphy are 45 ±6° (Steiner et a l, 1985) and 40.6 ±2.9° (Juarez 

et a l,  1994) and for the Tithonian to Berriasian 45.9 ±3.9° (Galbrun et a l, 1990). There 

is no significant difference between the values for the Oxfordian and the Tithonian and 

hence both the Oxfordian and ammonitico rosso units were considered together, but the 

Late Cretaceous site was omitted. The tectonically corrected values compare more 

favourably to the expected pole. These results suggest that the origin of both 

components is pretilting, although the case is much stronger for the high temperature 

component.

The vonMises mean was also calculated for declination values. The mean for the 

intermediate temperature components is 39.6 ±11.3° in geographic coordinates and for 

tectonically corrected sites it is 062.2 ±18.2°. For high temperature components it is 

026.9 ±12.2° and 32.6 ±10.2° in geographic and tectonic coordinates respectively, but 

given the result for inclinations, the latter is more likely. The expected declinations for 

the late Jurassic is 337° (section 3.2.8). The expected Miocene declination is 000°. In 

either case, the geographic and tectonic intermediate component values are larger and 

this reflects the difference between Late Jurassic and Miocene reference declinations, and 

suggests high temperature and intermediate temperature components may have been
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acquired before and after respectively the rotation of Iberia but prior to rotation and 

thrusting of the study area (as shown in Figure 3.5).

Site CL (Late Cretaceous) has by far the best defined intermediate and high 

temperature components. First, the tectonically corrected high temperature inclination 

(48 ±7.2°) compares well to the expected direction 53° (Westphal et a l, 1986). 

Secondly, when the two component means for this site are compared in tectonic 

coordinates they have a declination difference of +22°. More importantly, they are 

statistically distinct, when using the method of McFadden and Lowes (1981) as the 

critical value, 0.1483 is exceeded with an F-factor, 0.3319. This shows that these 

components were formed at different times for this individual site; regardless of whether 

they are both considered in tectonic or geographic coordinates.

The Late Jurassic site NE, and the Late Cretaceous site CL, were sampled from a 

stratigraphie section NW of the village El Chorro, which is 500 m along strike from the 

type section discussed in section 3.2. Previous work on comparable sections shows that 

the expected difference in declinations between Late Cretaceous and Late Jurassic beds 

is +21° +23° or +21° (Westphal et a l, 1986, Platzman and Lowrie, 1992, Moreau et a l,

1997). The declination difference from site NE to site CL is -2 ±10.9°. Three 

explanations are possible. First, a lake leaves a gap in exposure of approximately 40m, 

and this may hide a large fault between the subvertical beds. Such a fault is quite 

possible because some detachment between the limestone and white marl (Figure 7.2) 

may have occurred as flexural slip during folding of the monocline. Secondly, this 

section is very steeply dipping (70 to 80°) so the uncertainties involved in the tectonic 

correction are large. Thirdly, the capas rojas site may have been deposited before the 

rotation of Iberia, although this interpretation would require biostratigraphic 

confirmation.

By far the best constraint on the timing of magnetisation comes from fold tests 

shown on figure 7.9. Villalain et a l (1996) presented a fold test on intermediate 

temperature components for the El Chorro area. Sites JABl and JAB2 (Table 7.4), 

taken from near the village, Valle de Abdeijais, showed a f-factor peak (McFadden and 

Jones, 1981) at 55% unfolding, at which it passes the critical level of significance. A 

thrust fault with significant displacement places a small slice of Triassic age rocks against 

Cretaceous age rocks in the valley directly west of the village and between the two limbs. 

This is not a true fold test but rather a comparison of directions such as that described by
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McFadden and Lowes (1981). Thrust faults have often been cited as the structures 

possibly dividing zones of different vertical axis rotation (e.g. Schwartz and Van derVoo, 

1984, Potts, 1990, Allerton, 1994). In this study, the same thrust sheet of Villalain et al. 

was sampled further to the west, between the steep and horizontal limbs of the Huma 

monocline at sites NF and NK respectively, which unlike JAB 1 and JAB2 are not divided 

by a thrust fault. Figure 7.1 shows that there is no significant vertical axis rotation 

between NF and NK. The kappa precision factor for intermediate temperature 

components peaks at 53% unfolding, but the observed ratio, 1.49, does not pass the 

critical ratio, 1.81 (McElhinny, 1964), to be statistically significant. When the 

statistically less rigorous method of McFadden and Jones (1981) is applied however, the 

precision peak at 53% unfolding is statistically significant at the 95% level. The same 

diagram shows that when the high temperature components were compared for the 

Sierra de Huma monocline (sites NF and NK), and show a precision parameter peak at 

95% unfolding and the critical ratio for statistical significance of McElhinny (1964) was 

passed. This result suggests the high temperature remanence was acquired before 

folding.
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Figure 7.9. Fold test on Huma, El Chorro area. Unfolding is of sites NF and NK using the setpoints 

and calculated points on great circles described in the text for the high tem perature com ponent. Critical 

levels (95%) are passed in for the intermediate temperature com ponent (M cFadden and Jones, 1981) and 

the high tem perature com ponents (M cElhinny, 1964).

A fold test relates the timing of magnetisation to timing of folding. It is believed 

that remagnetisation is Miocene in age as this is when folding occurred, but it is unclear
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what timing relation the vertical axis rotation has to folding and remagnetisation. High 

temperature components give information on vertical axis rotations during the Early 

Miocene. Intermediate temperature components give information on a remagnetisation 

event that occurred during the folding in the Early Miocene. The following analysis 

examines at what point remagnetisation occurred in relation to the rotation, by 

considering alternative possibilities.

The expected Miocene declination is 000°. If remagnetisation occurred after 

folding and rotation then

ITGi = 0 7.1

where ITGi is the intermediate temperature component declination with no 

tectonic correction. If rotation was followed by remagnetisation and then folding then 

ITTi = 0, 7.2

where ITT, is the intermediate temperature component declination with tectonic 

correction. It can be seen on Table 7.4 that neither 7.1 nor 7.2 is the case.

Two situations are now considered by site. For remagnetisation to have occurred 

before vertical axis rotation and folding but after the rotation of Iberia, the following is 

necessary,

HTTi - ITTi + 23° = 0 7.3

where HTTi is the high temperature component declination with tectonic correction. 23° 

accounts for the anticlockwise rotation of Iberia since the late Jurassic. If 

remagnetisation occurred before rotation and after folding the following is necessary, 

HTTi - ITGi = 0. 7.4

Table 7.5. shows results of calculating the left-hand sides of equations 7.3 and

7.4, with the exception of site CL which is calculated without the ‘-1-23°’ term. The 

results suggest scenario 7.3 is more likely in 7 sites, and scenario 7.4 is more likely in 4 

sites. A full error analysis is omitted for simplicity, but it is likely that remagnetisation 

occurred close to or at the time of rotation.

Equation NA ND NE NF NG NH NI NK NL NM CL

7.3 15 6 -24 -6 -19 0 11 1 29 -82 -13

7.4 -1 -17 23 22 -32 -10 -46 -24 -26 -16 38

Result 7.4 7.3 7.4 7.3 7.3 7.3 7.3 7.43 7.4 7.4 7.3

Table 7.5. Timing of magnetisation. Result refers to the nearest value to zero.
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7.5. Discussion

Mechanisms for remagnetisation were discussed by Villalain et a l  (1994), who 

suggested two hypotheses to explain the Miocene overprint. The thermoviscous 

remagnetisation hypothesis explains remagnetisation by elevated temperature, but is 

difficult to model as the time-temperature history of these sediments is difficult to 

constrain. Sources of heat have been identified, such as high Miocene heat flow 

associated with lithospheric extension. Examples of thermoviscous remanent 

magnetisation were described in detail by Pulliah et a l (1975). The chemical 

precipitation hypothesis identify remagnetisation by the formation of authigenic 

magnetite mediated by ‘orogenic fluids’. The problems facing this hypothesis are to fully 

account for the observation that remagnetisation occurred over a very widespread region 

of the western Subbetic, and to explain where the iron was sourced. Jackson et a l

(1993) gave a series of criteria to recognise chemically remagnetised rocks, but these 

tests were beyond the scope of the experimental apparatus available. Villalain et a l

(1994) concluded that more data is required on palaeotemperatures and magnetic 

carriers to distinguish the likely causes.

Reicherter et a l  (1993) presented vitrinite reflectance data which is a proxy for 

palaeotemperatures. They found that the temperature was unlikely to have exceeded 100 

°C. Elevated temperatures in this setting may be due to burial and erosion, although 

structural and stratigraphie relations discussed in section 7.3 suggest the rocks from the 

area have not been buried greatly. Elevated temperatures might be due to extension and 

increased heat flow. In either case, if elevated temperatures were responsible for 

remagnetisation, the remagnetisation would be more likely to be late, making equations

7.1 and 7.2 more likely: these have been shown to be not the case. The results of rock 

magnetism experiments are suggestive of highly differing magnetic mineralogies which 

may be due to the effects of fluid flow. Given the lack of evidence for elevated 

temperatures the chemical hypothesis is more attractive.

Orogenic fluids are those circulating in mountain belts during the time of 

deformation. Oliver (1986) described how fluids expelled from margin sediments can 

travel into the foreland basin and continental interior. Such fluids may change the 

oxidation state of the magnetic grains, reducing haematite to magnetite, or they may 

have a pH that causes the precipitation of iron. The fluid would necessarily need to 

contain iron. If remagnetisation occurred at the deformation front then circulation of
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ground water to a depth of 1000 m is not unreasonable, given that the stratigraphy is thin 

(Figure 7.2).

High-temperature components are used as a proxy for vertical axis rotations, 

once corrected for the rotation of Iberia. Here a simple tectonic correction is applied by 

unfolding parallel to strike, although this may not always be applicable as discussed by 

McDonald (1980). Kirker and McClelland (1996) found that the intermediate 

temperature components were acquired during folding. They showed the rocks were 

folded on two axes, and highlighted a complex pattern of structures such as non-parallel 

and refolded folds locally in the Villaluenga study area (Figure 1.3). The area has not 

been subject to differential vertical axis rotations, so a constant rotation is characteristic 

of the area. In this study of the El Chorro area, high temperature components with a 

simple tectonic correction applied are statistically distinguishable due to differential 

vertical axis rotations, so the same analysis is not appropriate. A single tectonic 

correction is justified by the results of the structural study of the El Chorro area. Folds 

are mostly subparallel to each other so a net-tectonic rotation approach is not necessary 

and it is valid to unfold around one single horizontal axis.

It has been shown that the El Chorro area has been shortened in a forward- 

breaking imbricate thrust sequence, formed early in the Miocene, and early during the 

evolution of the Subbetic. Furthermore, this shortening was oblique to the Iberian 

margin, as the transport direction on thrust faults is oblique to the local ENE strike of the 

mountain belt. Transport directions on reverse faults have a WNW to NW direction on 

the assumption that they are not rotated about a vertical axis from their original 

direction. If palaeomagnetically determined rotations are subtracted from these trends 

they would bring transport parallel to the strike of the mountain belt, which would make 

the formation of a fold and thrust belt impossible. Late strike-slip faults, which cross-cut 

the entire thrust culmination also point to a NW-directed compression direction. Kirker 

and Platt (1998) concluded that there was a low amount of partitioning within this part 

of the mountain belt (defined in section 6.1.1). It is likely that the lineations on thrust 

faults post-date rotation as they cannot be backrotated and that the regional transport 

direction continued to be WNW.

Figure 7.10 shows a plot of rotations relative to the Iberian reference direction 

versus distance from the lEZB. The vertical axis rotation technique was discussed in 

section 3.2.7. The distance is calculated as the distance from a line, parallel to the strike 

of local Internal and External Zone units and passing the most northerly occurrences of
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the easily identifiable burgundy-coloured Malaguide Permo-Triassic rocks. This line is 

shown at the bottom of Figure 7.1. Large and moderate rotations are characteristic of 

the internal part of the El Chorro area, whereas only moderate rotations characterise the 

external parts of the El Chorro area. Rotation increases from east to west on the most 

Internal thrust sheet, as can be seen on Figure 7.1. There is a difference between sites 

NG and NH. The nearby tipline of the fault dividing the sites suggests that the rotation 

occurs rapidly along the strike of the fault. Differential rotation has clearly occurred 

between the Sierra de Huma (NF and NK) and the Sierra Liana (NG and NH). 

Differential rotation on this thrust sheet may well be due to a pinning process, whereby 

there is a net overall rotation of the hangingwall with respect to the foot wall, 

accommodating the oblique convergence at the deformation front between the Internal 

Zones and the Iberian foreland.
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Figure 7.10. Vertical axis rotation versus distance from the lEZB in the El Chorro area. E rror bars 

show fisher 95% confidence intervals.

Vertical axis rotation is not reflected by variations in the patterns of lineation 

directions on thrust faults. Instead they show a fairly constant direction. Platt et al.

(1995) and Kirker and Platt (1998) suggested that lineations formed on reverse faults in 

the Western Subbetic may have formed late, after rotation occurred. This late formation 

they attributed to ongoing deformation in the orogenic wedge. This view is compatible 

with lineation directions in the El Chorro area.
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A fold test on the Sierra de Huma gives a precision maximum at 53% unfolding 

and shows that intermediate components are likely to be a consequence of a Miocene 

remagnetisation, given that the main folding event in the Subbetic is of this age 

(Blankenship, 1992). Analysis has shown it is likely these components were acquired 

close to the time of rotation. There is a connection between differential rotation and 

thrusting suggested by spatial distribution of palaeomagnetically determined vertical axis 

rotations. Although kinematic data may not have been rotated, the strike of thrust faults 

quite possibly has. Coward and Potts (1983) discussed a model of thrust fault growth 

whereby they nucleate in the cores of buckle folds and this model is applicable to the 

multilayer stratigraphy of the Subbetic. Layer parallel shortening prior to the 

propagation of thrust fault tips into the foreland mediates the movement of ‘orogenic 

fluids’, which may have changed the chemistry of the rock and brought on chemical 

remagnetisation.

In conclusion, evidence strongly suggests that vertical axis rotation occurs at the 

deformation front of the mountain belt in conjunction with fold and thrust activity. 

Evidence for the formation of primary ChRM leading to the high temperature 

components during the Late Jurassic and Late Cretaceous and a remagnetisation event 

during the Miocene giving rise to the intermediate components has been presented.

The following sequence of events is suggested for the El Chorro area.

1. Deposition of original sediments with a primary ChRM.

2. Layer parallel shortening and the onset of remagnetisation.

3. Propagation of tip lines into the foreland leading to folding and thrusting.

4. Simultaneous remagnetisation, folding and vertical-axis rotation.

5. Formation of fibre lineations observed in present day on reverse faults

6. Strike slip faulting.

7. Erosion and formation of piggy-back basins, and associated normal faulting.
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Chapter 8. Dual mechanisms of vertical-axis rotation in the

Subbetic

8.1 Introduction

Chapter 1 divided the causes of vertical axis rotations in mountain belts into three 

categories. First, thrust sheet pinning occurs when the footwall is rotated with respect to 

the hangingwall. Bates (1989) showed that these rotations can accumulate through the 

thrust sequence. Secondly, block rotations associated with strike-slip faulting which may 

lead to a domino pattern of rotations in map pattern (Luyendyk et a l, 1985). Thirdly, 

distributed deformation describable by continuum mechanics (England and Wells, 1991) 

can lead to smoothly varying patterns of rotation. The pattern of rotation can be 

influenced by the shape and orientation of rigid blocks in the deforming zone (Lamb, 

1987) as well as the mechanical properties of the material surrounding them. The aim of 

this chapter is to examine these three mechanisms (illustrated on figure 1.1) associated 

with the phenomenon of rotations about a vertical-axis. This will be by synthesising the 

data that has been presented in the thesis from both the Velez Blanco and El Chorro 

areas together with examples from the literature. It will be argued there are two 

mechanisms predominantly operative associated with vertical-axis rotation in the 

Subbetic.

8.2 Distributed shear in the Subbetic

Lamb (1993) discussed how studies of deformation of the lithosphere can be 

divided into two groups. These include; the group of studies that account for 

deformation patterns by characterising lithospheric blocks or microplates whose 

interactions are controlled by forces acting on each others edges, and the group of 

studies that maintain passive rotation of blocks occurs in a deforming matrix of 

continuously distributed deforming lithosphere. These end member models are 

applicable to the study of thrust sheets in a deforming mountain belt as thrust sheets are 

subject to penetrative strain and out-of-sequence thrusting, but may be transported for 

lOO’s of kilometres remaining as intact entities.

8.2.1 Correlation of independent datasets

Datasets from this study have implications for the structural interpretation of the 

mountain belt as a whole. For instance, lineation data taken from individual reverse
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faults in the Subbetic can provide a ‘snapshot’ of motion during the deformation 

(instantaneous strain). Patterns of lineation data may be suggestive of the vertical axis 

rotational patterns, although different lineations may be formed at different times. 

Primary palaeomagnetic declinations that have been corrected for tilt of beds by rotation 

about a horizontal axis record actual vertical-axis rotation (section 3.2.7), and hence can 

be used to assess the total finite rotational strain. Data such as thrust fault cut-offs gives 

an assessment of translational displacement. Fold axes whose timing of formation 

relative to other structural indicators might be used to understand structural evolution. 

As discussed in methods section 3.2.1, although a tilt correction, whose necessity arises 

from folds, is used to correct palaeomagnetic vectors, it is valid to use fold and 

declination data independently if the bedding dip of the palaeomagnetic site is low, low 

being around 30° or less.

Lineation data may reflect either an average direction of motion or the last 

increment of motion of a single episode of movement. The timing of formation of 

lineation data in fault zones is difficult to constrain. Kirker and Platt (1998) suggested it 

may be formed late in the history of motion on thrust faults in the Gibraltar arc of the 

Western Betics. Chapter 6 has addressed this question and speculated that as the 

lineation data in the Velez Blanco area has been passively rotated with the thrust sheets. 

It is likely that the lineations were formed at a mature phase of faulting but this was 

probably not the very end of the deformation of the mountain belt as there is some 

memory of previous motion. Early motions such as tip line propagation are probably not 

recorded. Platt et al. (1995) correlated folding, kinematic vectors (slip) and 

palaeomagnetic (rotational) datasets as linear variables, on Cartesian axes and found that 

by comparing data for small localised sites, there was reasonable correlation between 

these data sets with values 0.77, 0.51 and 0.38, where is the sample population 

correlation (equation 2.11). This section will now examine whether these three discrete, 

independent variables can be correlated for local areas more rigorously using statistical 

techniques such as linear regression. More complex circular regression techniques were 

discussed by Fisher et al. (1987) but these have not been applied here as they are not 

applicable.

Figure 8.1 shows correlation plots between fold axes, kinematic vectors and 

palaeomagnetic declinations for each dataset combination. Fold axes are taken from 

Table 4.1. Palaeomagnetic data is taken from Table 5.1 and converted into a total 

vertical axis rotation using the method discussed in section 3.2.7. Kinematic vectors are
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Fisher means of thmsting lineations taken from Table 6.1. All the data for these plots is 

shown on Table 8.1, with appropriate confidence intervals, including that of Allerton et 

al. (1993, 1994). Data from palaeomagnetic sites was correlated with nearest 

neighbouring kinematic and fold data sets. Palaeomagnetic data with large uncertainties 

were rejected. The calculated values of the plots (shown on Figure 8.1a,b,c) are 0.59, 

0.36 and 0.48. These have a clustering which is significant for the number of points in 

these bivariate populations (n = 18) using the technique of Davis (1986). This is because 

there is more clustering around the regression line than around a mean point, and hence 

the correlation coefficient of the population from which they are drawn is likely not to be 

zero, at the 95% level of confidence (section 2.2.3).

Ref.
No.

Structure Thrust Pmag Fold axis
r

n Kinematic 
vector r OC95r

Vertical axis OC95 
rotation /° /°

1 SlOl k325 AA 22 10 310 8.9 5 13.4
2 S70 k330/l/2 AJ 84 11 337 9.8 56 7.7
3 S15 kl34 CA 89 16 340 ** 49 10.3
4 S7 k32 CB 71 22 355 10 63 5.5
5 S28 K114 CC 70 15 344 18 65 12
6 S95 kl09 CE 101 ** 343 7.8 55 5.1
7 S56 k ll8 CH 86 12 333 9.1 60 7.7
8 S19 kl26 CJ 101 16 349 9.9 34 12.6
9 858 k335 CK 74 16 346 9.9 20 8.7
10 869 k339 CM 51 8 287 14.4 47 5.3
11 MAP 5# B168 34 ** 300 ** 2 14
12 MAP 9# B169 34 ** 275 ** 28 6
13 MAP 9# B170 34 ** 275 ** 18 6
14 MAP 15# B172 34 ** 274 ** -5 9
15 MAP 15# 13173 34 ** 274 ** -7 9
16 s98 k329 B124 67 12 331 7.5 68 5.8
17 s59 k46 B208 86 14 357 11.1 125 9
18 slOl k324 B41/42 22 12 325 6.3 -19 13.8

Table 8.1. Data used in figure 8.1. n = number of data points used to calculate fold axes. OC95 is the 

95% Fisher confidence angle. #: Structural reference numbers from Allerton et a l  (1994). **: Data not 

available.

The slopes of the lines on these plots suggest thmst lineations and fold axes are 

approximately orthogonal and the variation in strike correlates with the variation in 

rotation. In analysis it is suggested that kinematic vectors and folds were probably 

formed early, during initial fold-and-thmst propagation, as they have comparable 

orientations across the area. As the orogenic wedge developed, the fold axes and 

kinematic vectors were passively rotated. This passive rotation could be a consequence 

of late distributed shear. There are, however, uncertainties in these regression lines and
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‘trade-offs’ between different processes initiating early or late in the history of 

deformation. These plots justify the approach of subtracting vertical axis rotations from 

kinematic data in chapter 6.
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Figure 8.1. Correlation plots of structural variables from Velez Blanco. Equations are regression lines, 
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goodness of fit to the lines.

The Sierra de Maria may have been subject to a separate process because it has 

an unusually high vertical axis rotation that lies outside the main field the data from the 

rest of the Velez Blanco area. Furthermore, structural data from the Sierra de Maria has



176

considerable scatter, which makes it difficult to interpret. The Sierra de Maria is 

consequently highlighted Figures 8.1a,b,c. The greater amounts of rotation to which the 

Sierra de Maria is subject to may well be due to either a separate thrust sheet pinning 

process, which would have led to an additional initial 10 to 20° vertical axis rotation, or 

could be due to error.

8.2.2 Trends in vertical axis rotation

The palaeomagnetic data taken from the Velez Blanco area has shown a 

progressive series of rotations, from northeast to southwest (Figure 5.4). The strike of 

the Subbetic belt for the Velez Blanco area is parallel to the Internal/ External Zone 

Boundary (lEZB). This boundary is a major fault zone traversing the Betic Cordillera 

from east to west (Figure 1.3) and strikes approximately S70°W in this part of the 

Eastern Betics (Figure 1.4). Lonergan et a l (1994) maintained it is a thrust dipping 

gently NNW at approximately 30°.

Vertical-axis rotations in the Velez Blanco area are plotted against the distance 

parallel to the strike of the mountain belt (E to W) on Figure 8.2a and normal to the 

strike of the mountain belt (N to S) on Figure 8.2b. These distances are calculated using 

equations (2.7) and (2.8), where x is the IGME (1972) East coordinate and y is the 

North coordinate. The zero point in Figure 8.2a is an arbitrary point along the lEZB, 

whereas the zero on Figure 8.2b corresponds to the lEZB. The best fit straight line 

shown in grey has regression parameter, R ,̂ equal to 0.55 for along strike and 0.47 for 

across strike calculations. These regression values are significant at the 95% level using 

the F-test discussed in section 2.2.3 and show that the clustering around the linear 

regression line is significant. This shows that there is a significant relation between both 

these sets of variables, characterised by mutual increase. It is important to emphasise 

this is not necessarily a linear relationship.

If block rotations such as those described by Jackson and Molnar (1990) for 

Southern California were occurring a different pattern of rotations should be observed. 

Faulting of domino-type crustal blocks should lead to much more abrupt variations in 

vertical axis rotation. Furthermore, this model predicts that there should be zones of 

equal rotations divided by strike slip faults. Structural and palaeomagnetic data does not 

support such a pattern in the Velez Blanco area. The pattern of rotations does not 

correlate well to thrust sheets, suggesting thrust sheet pinning has not been a major cause
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of vertical axis rotation. The implication is then, that the pattern of rotations observed in 

this area probably arises from continuously distributed shear through the mountain belt.

a) Rotation along the mountain belt North
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Figure 8.2. Vertical Axis Rotation according to geographic position in the Velez Blanco area, Eastern 
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1994). Errors bars on rotation are CX95 uncertainties of high tem perature means.
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The rules of continuums have been applied in some mathematical models to 

predict geological behaviour. Platt (1993) found analytical solutions for orogenic 

wedges deforming with a linear viscous bulk rheology in which distributed shear occurs 

throughout the thrust wedge. In this model, an exponential distribution of shear was 

inferred which predicts high shear strain rates at the back of the wedge and low shear 

strain rates at the deformation front. The Velez Blanco area, located in the internal 

section of the External Betics will now be examined as if it were a large-scale shear zone. 

As shown in chapter 4, the crustal structure at the outset of Miocene deformation was 

heterogeneous as a consequence of Mesozoic rifting. Lamb (1987) advanced a 

mathematical model for vertical axis rotations which predicts the behaviour of 

undeformable elliptical inclusions in a viscous shear zone comparable to a garnet 

porphyroblast in a metamorphic rocks or an isolated carbonate platform surrounded by 

softer material such as marl. The subsequent rotational history experienced by the 

inclusion is a function of its original orientation, its ellipticity factor and the convergence 

obliquity angle. In some cases stable configurations of zero angular velocity are 

predicted, for instance if the inclusion is an ellipse orientated at 45° to the edge of the 

shear zone.

Two examples from the Velez Blanco area with different map pattern aspect 

ratios are now discussed. Aspect ratios are a qualitative equivalent to the ellipticity 

factor. The Sierra de Pericay (NE Corner, Figure 6.3) is an unrotated ‘elliptical’ block. 

Its current position could be one of the stable positions described by Lamb (1987), given 

that it strikes at 40° to the lEZB and is virtually unrotated. Furthermore it is surrounded 

to the east by Triassic and Cretaceous rocks and to the west by Median Subbetic, both of 

which are much more easily deformed. The Gabar area (Figure 4.7a) is an approximately 

circular outcrop of competent Jurassic limestone, so as an inclusion with aspect ratio 1, 

should be subject to continuous rotation according to the model of Lamb (1987). Fold 

axes are deflected very slightly towards the edges of the limestone/ dolomite Gabar 

outcrop (Figure 4.3). The consistency of palaeomagnetic data between this block and 

the surrounding Cretaceous units as well as independent structural data suggests 

however that the thrust sheets are rooted beyond the Gabar and below the surrounding 

Cretaceous units as shown on Figures 4.5b and 4.7c, so the inclusion model is not 

applicable. This finding is not suprising as the extension reflected in the p-factor is
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around 1.15 (chapter 4). With such a low P-factor, the carbonate platform would not 

have been fully broken-up.

8.2.3. Correlation along a structural boundary

If vertical axis rotation is by distributed shear, it is important to ascertain the 

length scale over which such deformation occurs. A major thrust passes north of El 

Gabar and Serrata de Guadalupe (Figure 5.4) before turning northward alongside the 

Sierra de Almirez and the Barranco Salada (Figure 1.4), and is suitable for examining 

such length scales. It divides rocks most commonly associated with Median Subbetic 

palaeogeographic affinities to the north from Internal Subbetic type rocks to the south. 

This boundary accompanies the change in vertical axis rotation and the change in strike 

of fold axes and fault traces of 50 to 60°.

Structural Indicators along the northern Velez Blanco boundary
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Figure 8.3. Structural indicators along the northern Velez Blanco boundary defined by a thrust. Fold 

axial trends are unfilled diamonds, Kinematic vectors (means of lineations on thrust faults) are filled 

squares and corrected vertical axis rotations are filled triangles. Location place names at the top of the 

diagram are given on figure 6.4. Some characteristics of the data are highlighted in unshaded boxes.

Figure 8.3 shows a plot of the three data types discussed in section 8.2.1, against 

distance along the major thrust in the north of the Velez Blanco area. Data 1.5 km or 

less from the boundary was selected. The trends in these data sets are only approximate.
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Nonetheless, the resultant diagram shows that there is a transition from the unrotated 

ESE-directed faults in the Barranco Salada area towards the SSE-directed and S- 

directed faults in the Gabar and Sierra de Maria areas (shown on Figure 6.4). The length 

scale of the transitional area is of the order of kilometres.

Fold axes do not show a smooth variation. This is likely to be due to the noise 

associated with fold axis trends when used as structural markers. Some of the noise 

associated with fold axial trends is likely to be due to ongoing deformation in the 

mountain belt. The Internal Zones have been transported a considerable distance since 

the onset of thrusting and folding. This loosely termed 'polyphase deformation', gives 

rise to geometrically complex folds. Vergent (Bell, 1981) and symmetric folds in the 

Velez Blanco area are typically laterally discontinuous and hence not only record thrust 

fault initiation (Elliot, 1976b, section 5.4.3) but also the accommodation of strain due to 

transport and vertical-axis rotation, at possibly more than one time, in more than one 

orientation. The area NW of El Gabar illustrates this point, as it has a large (1.5km^) 

exposure of Capas Rojas and Cenomanian-Turonian limestones. Although a large scale 

syncline passes though the north of this area, marked by a continuous band of Tertiary 

units, meso-scale folds in the Upper Cretaceous rocks are much more heterogeneous 

than Jurassic rocks for instance, and a bowl-shape pattern of weathering predominates. 

This is not surprising given that the folds were most likely to have formed in an 

orientation 60° away from their current orientation and then transported a considerable 

distance over the Iberian foreland. Despite difficulties with fold axes, however, this plot 

(Figure 8.3) does illustrate that these three datasets characterise the two geographic 

endmembers, of the correlation plots in Figure 8.1.

8.2.4 Change in strike around *Embalse de Valdienfierno*

The aim of this section is to examine the structure of the transitional area 

between the two geographic zones characterised as rotated and non-rotated delimited in 

the previous section, and how these differential rotations have been accommodated. One 

location for examining this transition is the area around ‘Embalse de Valdienfiemo’.

Fault linkages in this area are shown on Figure 8.4 which is a more detailed map 

of the NE comer of Figure 5.4. A branch point is located at the west of Serrata de 

Guadalupe (Figure 5.4). A further branch point along the SE-corner the Serrata is 

suggested by the outcrop pattern, as oolitic limestone outcrops as a long thin band, 

which at first inspection could be a Jurassic limestone. It is infact a cut-off below the 

Serrata thrust sheet of an exceptionally thick Albian-Aptian oolitic turbidite layer
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interbedded into the marl layers. The centre of this area is dominated by the reservoir 

‘Embalse de Valdienfiemo’. To the north of the reservoir, vertical axis rotations are 

zero, whereas to the south and east, rotations build up gradually to 60° around El Gabar, 

and higher (80 to 120°) around the Sierra de Maria (Figure 5.4).

The structure of this area (Figure 8.4) is characterised by a significant change in 

strike of bedding as dip direction changes from approximately E to N. However, this 

change of strike of bedding is not as well defined in the Sierras Pericay and Larga in the 

SE corner of Figure 8.4. This is probably due to the complex array of structures that 

appear in Jurassic limestone units, and the difficulty of clearly resolving the beds in these 

massive limestones. The change in strike is also marked by thmst fault traces and 

stratigraphie contacts which swing from an E-W trend to an approximately N-S trend. 

There is also a change in thmsting, from ESE-directed similar to that in the Sierra de 

Almirez (Allerton et al., 1993), to SSE-directed characterising the area northwest of 

Serrata de Guadalupe (K334, K335, K134, Table 6.1).

A possible cause of this change in strike is a lateral ramp. Significant 

displacement has occurred on the ESE-directed reverse fault on the east side of the 

Sierra de Pericay, as can be seen on the cross section 4.5c. Kinematic evidence, 

however, shows this was an early formed stmcture (Figure 6.3.7). Furthermore, fold 

hinges have no systematic plunge west, as would be expected in the case of a lateral 

ramp. Fold trends shown on Figure 4.3 change from NW to W across this area, but in 

general, fold axes do not show smooth variation across the area. This is probably due to 

interference effects, as discussed in the previous section.

The results of anisotropy of magnetic susceptibility (AMS) measurements 

presented in chapter 6, show that rocks in the Velez Blanco area do not have either a 

pronounced or consistent magnetic fabric. It is likely the carbonate rocks have been 

subject to minimal amounts of penetrative strain. Major competence contrasts in the 

sedimentary pile (Figure 4.2) allow detachment and ductile deformation in the vertical 

direction through shortening by folding. By contrast, the accommodation of rotational 

strain must have been on the numerous discrete faults found in the area (figure 6.3).

Vertical axis rotation is accommodated as follows. South of the Embalse de 

Valdienfiemo in the Sierra Larga (Figure 5.4) there is a dense network of late normal 

faults. Cross-cutting relations between normal faults (Figure 6.5 -4) suggest the N-S 

striking set of normal faults were formed later than the other E-W normal faults and 

probably the thrust faults and folds too. These late normal faults are common to the NE
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Sierra Larga and do not show the lineated chert nodules or interbedded debris layers 

commonly found along the Mesozoic faults. Consequently, they can be considered as the 

results of Miocene movements. This extension is probably associated with the change in 

strike further north and described earlier in this section. The structural relationships are 

analogous to those around a buckle fold in map view, with compression in the core and 

extension further out. This idea is illustrated in Figure 8.5 which shows a cartoon view 

of the Velez Blanco area in its present day orientation and represents the map scale 

bending process. Although the radius of curvature of this fold inferable from Figure 8.4 

is in fact quite low (-3km), kink folds for example, have zero radii of curvature.
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Figure 8.5. Sim plified view of the change in strike of folding, bedding and thrust traces in the north of 

the Velez Blanco area. See figure 1.4 for location.

This plan-view fold hypothesis has other testable implications for structures 

which are observed in this area. E-directed thrusting is seen to the north of Serrata de 

Guadalupe. This E-directed thrust coincides with the original unrotated Miocene 

thrusting direction. Therefore, if late compression structures are present (Figure 8.5) 

they will be difficult to distinguish as they will be in the same orientation as the original 

thrusts. Further south, a wide graben divides the Jurassic limestone outcrops of the 

Sierra Larga from the Sierra de Pericay. Upper Cretaceous rocks are exposed in the 

hanging wall at the N end of the fault set. Despite inconclusive fault kinematic data 

along this graben structure good normal senses of shear cut rocks on the Southwest 

corner of the Sierra Larga (jp6. Table 6.1) which is presumably a splay from the end of 

the graben structure. Kinematic data (k308) within the Sierra Larga may also reflect the
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late extensional event, and all these structures may be interpreted in terms of extensional 

structures on the outer part of this suggested ‘fold’.

8.3 Thrust sheet pinning

Thrust sheet pinning (Figure 1.1 and defined in section 1.3.2,) has been suggested 

as a cause of systematic clockwise or anticlockwise vertical-axis rotation observed in 

some mountain belts (e.g. Bates, 1989). A consequence of this process is the rotation of 

the hangingwall of thrust faults with respect to the footwall. Examples of such 

differential rotations have been documented in a number of geographic settings such as 

Papua New Guinea (Weiler and Coe, 1997).

Vertical axis rotations are analysed as rotations normal to bedding as the 

palaeomagnetic vectors are corrected using the bedding measured in the field 

(McDonald, 1980, Kirker and McClelland, 1996). Bedding is commonly rotated about a 

horizontal axis during the initiation of thrusting. This is the case when thrust faults 

develop from the cores of buckle folds or during the formation of ramp anticlines in the 

absence of footwall deformation. It is notable that a commutativity problem arises as 

folding followed by thrusting will not necessarily lead to the same result as thrusting 

followed by folding. The following section examines the effectiveness of thrust faults in 

accumulating vertical-axis rotations in the Subbetic.

In the Eastern Subbetic, Allerton (1994) described an example from the Sierra de 

Quipar where differential vertical axis rotation between the footwall and the hangingwall 

amounts to 68 ± 22°. This was supported by stmctural information showing differential 

amounts of shortening on parallel cross sections, indicating one end of the thrust fault 

was pinned to the tip line.

Thrust sheet pinning is also suggested by structural data in the Sierra de Maria 

(Figure 4.8). Shortening measured from N-S cross sections drawn at different points 

along the length of the mountains increases from W to E drawn by Andreo (1990). A 

gradual change in shortening style from folding to thrusting was discussed in section

4.3.4. Palaeomagnetic data in the Sierra de Maria is not well defined but suggests that 

vertical axis rotation is probably greater on the internal thrust sheet than the external 

thmst sheet (Figure 4.8, Figure 5.4).

As discussed in section 5.5, the pinning hypothesis is not supported in the north 

of the Velez Blanco area where there are large traceable thimst faults. This is because 

there are neither significant nor systematic differences in vertical axis rotations between
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thrust sheets. Furthermore, there are no variations in thrust fault lineation directions, 

although this may be due to the late overprinting of lineation data as suggested by Kirker 

and Platt (1998) in the Western Subbetic.

In the Western Subbetic, kinematic and structural data (chapter 7) from the El 

Chorro area clearly shows that the outcrop pattern of the area is a consequence of thrust 

sheet imbrication and not strike-slip faulting. Furthermore, the palaeomagnetic study of 

the El Chorro area revealed that there are differences in vertical-axis rotation (Figure 7.1, 

7.8) between and within thrust sheets which are statistically significant. Differences in 

rotation across thrust faults such as between sites NH and NG occur when the 

hangingwall is rotated with respect to the footwall. Differences within thrust sheets such 

as between sites NE and NK will occur when one end is fixed and the fault is allowed to 

pivot.

8.3.1 Asymmetric fault growth

If vertical axis rotations develop on thrust faults, it is important to understand 

how these thrust faults grow whilst accommodating systematic rotation. Most of the 

understanding of the growth of symmetric faults is based on the study of active normal 

faults whose footwalls are well exposed. Nonetheless, although thrusts and normal faults 

are indeed very different, there are limits to the amount of strain accumulation which can 

be supported around one single fracture in the upper crust. Two hypotheses for thrust 

fault growth were contrasted in section 4.4.3. The first, described by Elliot (1976b) and 

Coward and Potts (1983) is where they grow from buckle folding. The second 

hypothesis is where they grow against a rigid, undeformed footwall. The former 

appeared to be the more applicable to the Subbetic given the multilayer stratigraphy and 

field examples, but these hypotheses do not explain how vertical axis rotation can 

develop. Asymmetric faults or restricted faults are defined as faults that lack bilateral 

symmetry (Nicol et a l, 1996). Bilaterally symmetric faults will have two axes of 

symmetry, usually orthogonal, whereas unilateral faults will have one axis of symmetry. 

Thrust faults will generally have a maximum of unilateral symmetry if they are formed as 

part of a thrust sequence and the fronts of most mountain belts are blind thrusts (Vann et 

a l, 1986), linked to other faults. Asymmetric fault growth during oblique convergence 

may explain hangingwall rotation if reverse faults are related to vertical axis rotation as 

evidence from the previous section suggests.

The direction of relative displacements on thrust faults are deduced from lineation 

data using predominately calcite fibre lineations. These directions do not appear to vary
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systematically along the length of the thrust faults in the Velez Blanco area either at a 

large or small scale. Therefore, it is unlikely that lineation data records the trajectory of 

tip line propagation that would provide a divergent pattern of lineations along the strike 

of the fault at the tip line and a highly dispersed pattern of lineations near the centre.

(Map view) 
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Figure 8.6. (a) D iagram  to illustrate the contribution of thrust sheet pinning and distributed shear to 

vertical-axis rotation, (b) Vector displacem ent diagram  to illustrate development of asymmetric 

displacem ent profiles, with greater cumulative displacem ent on the internal sections of the fault, (c) 

Lim itations on vertical-axis rotation in light o f fault scaling relations.

As discussed previously, the strike parallel component of motion in the mountain 

belt was not fully partitioned onto strike-slip faults in the Eastern Subbetic. As a result, 

thrusting in the Velez Blanco area was at an oblique angle to the deformation front, 

approximately 35° as shown in Chapter 6. In this scenario of oblique thrusting, the 

undeformed foreland is held fixed, and the tip line will propagate forwards into it 

(Deigel, 1986). As the fault grows in length and displacement, small amounts of
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distributed shear will rotate the ‘free end’. This concept is illustrated in Figure 8.6a and 

will lead to rotation of the hangingwall as the footwall is locked to the undeformed 

foreland, the fixed reference frame. Although footwall deformation is a necessary 

condition of buckle-fold initiated thrusting and the hangingwall is topologically linked to 

the footwall, the link between the footwall and the foreland will be the ultimate control 

allowing vertical axis rotation.

If faults are obliquely orientated with respect to the overall strike of the mountain 

belt some revision of the rules governing the thrust tectonics of forward-breaking 

sequences (Butler, 1987) of faults must be made. Thrust faults will be initiated 

presumably 'en echelon' (figure 8.6b) along the deformation front in order to maintain 

constancy of shortening along the mountain belt. A complex distribution of strain will 

arise and undeformed foreland will then link with the hangingwall of faults around their 

sides allowing vertical-axis rotation to accumulate over the unrotated foreland.

Thrust faults must be able to propagate into the foreland, so that the mountain 

belt may grow in response to plate tectonics. Faults typically rupture by segmentation 

(Roberts, 1996). To generate skewed displacement profiles forward-directed faults 

rupture segments on the section of the obliquely oriented fault further from the foreland 

preferentially. This may arise from small amounts of distributed shear parallel to the 

strike of the mountain belt at the deformation front. This idea is illustrated by a 

displacement vector diagram on Figure 8.6b. As the fault grows, the addition of the 

distributed shear in the mountain belt leads to an asymmetric cumulative displacement 

profile. There is no reason why this process should not occur for backthrusting too, as 

the footwall will also rotate clockwise relative to the hangingwall in this situation (Figure 

8.6a).

When thrust sheets are subject to vertical-axis rotations, area might be added or 

removed from cross sections. A compatibility problems arises if the thrust sheet is 

considered as a rigid block, because the space behind the rotating block must be filled 

and parallel sections must balance across the entire mountain belt. If the orogenic wedge 

behaves as a continuously deforming body then these compatibility problems are not 

significant, as the mountain belt moves behind the hangingwall. If thrust sheets behave 

as rigid bodies, then auxiliary structures are required around the thrust faults to preclude 

this compatibility problem. In the Velez Blanco area these auxiliary structures may well 

vary on a local scale because they are likely to be controlled by the local stress field 

around any particular fault. Resolving them in the field is difficult given the complex
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patterns of relative timing data (Figure 6.3). The SW-directed or NE-directed thrusting 

in the Velez Blanco area (section 6.2.4) may be an example of accommodation 

structures. This SW-directed thrusting is cross-cut by later ESE-directed thrusts so 

might be termed ‘early’, but this may only mean that the thrusting immediately predates 

ESE-directed thrusts in the kinematic sequence of thrust faulting. It is unlikely that 

normal faults systematically assume the role of structural accommodation in a zone of 

overall convergence. The accommodation of the deformation in the Eastern Subbetic is 

then likely to be a combination of continuous deformation and discrete accommodation 

structures such as SW-directed thrusts.

A consequence of oblique convergence is probably an asymmetric or skewed 

distribution of cumulative displacement on thrust faults. Cowie and Scholz (1992a) 

maintained that normal faults show symmetric bell-shaped distributions of displacement 

across their lengths. Cowie and Shipton (1998) suggested the displacement profile is 

more saw-tooth shaped. The differences between these models arise because of 

differences in assumptions about tip-line propagation and fracture mechanics in the 

process zone. Early work on thrust tectonics in the Alberta foothills of the Rocky 

Mountains such as that by Elliot (1976b) showed that individual thrust faults terminate at 

their lateral edges as folds. These folds presumably acted as the process or damage 

zones into which the thrust faults eventually grow. A field example of such an 

asymmetric displacement pattern can be seen in the Sierra de Maria (Chapter 4) where a 

fold develops along strike into a thrust. The western termination is much closer than that 

to the east and must decay much more rapidly on this side as the fault does not continue 

into the Sierra de Muela to the ENE of the Sierra de Maria (Figure 6.4). Consequently, 

the displacement gradient along the strike of the fault must be higher towards the Sierra 

de Muela than across the Sierra de Maria, i.e.: there simply is not space for the same 

displacement decay gradient. A similar transition can be seen on to the West of ‘El 

Gabar’, where folding takes over from thrusting. Butler (1992a,b) documented 

transitions in the French Alps where folding gives way to thrusting along strike. A 

transfer zone between the two shortening styles is characterised by shear and strike-slip 

and satisfies the condition that cross sections balance. The absence of such shear zones 

in the Velez Blanco area suggests that an asymmetric pattern of cumulative displacement 

(Figure 8.6c) can develop during oblique convergence. Nicol et al. (1996) described a 

large number of faults with asymmetric displacement profiles in 3 dimensions using high 

resolution seismic data.
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It is important to quantify the thrust sheet pinning process. If the orogenic 

wedge can be described with a linear viscous bulk rheology there is an exponential 

distribution of shear from the internal to external parts of the mountain belt, and the 

shear strain rate will be highest in the internal part and lowest at the deformation front 

(Figure 8.6). Consequently in this scenario, only small rotations should occur at the 

deformation front. This will, however, be enough to develop small rotations 

systematically in a clockwise or anticlockwise sense in this region. Kirker and Platt 

(1998) estimate 5° of vertical axis rotation accumulates per thrust in the Western 

Subbetic due to thrust sheet pinning, although they did not consider possible later 

rotations occurring within the mountain belt. This small amount of rotation may not be 

resolvable using palaeomagnetic techniques as the 95% confidence angles to many 

palaeomagnetic mean directions have values of between 5 and 10°. As discussed, 

statistically distinguishable systematic differential vertical-axis rotations between thrust 

faults have not been found in the Velez Blanco area, although they may have occurred in 

the Sierra de Maria. This appears reasonable in the context of fault scaling relations. If 

faults have a maximum displacement/ length ratio of 10% (Dawers et a l, 1993), and the 

most asymmetric fault possible is considered, the cumulative displacement profile will be 

similar to that on Figure 8.6c. Using simple trigonometry, the footwall/ hangingwall 

rotation angle, \i, will be equal to 5.7°. This argument suggests that some previous 

higher measurements of differential vertical axis rotations (e.g. 45°, 26°, 68±22°, 90°, 

Bates, 1989, Potts, 1990, Allerton, 1994, Weiler and Coe, 1997) across single thrust 

faults might be too high and small heterogeneities may have been sampled such as those 

identified by Schwartz and Van der Voo (1984).

8.4 Conclusion

The Subbetic has been subject to oblique convergence, throughout the time of 

shortening as can be seen from kinematic data which was formed early and late in the 

history of deformation. The Velez Blanco area has been subject to ESE-directed 

backthrusting. Numerous lines of evidence point to two distinct mechanisms of rotation 

active in the Subbetic during the Miocene shortening event. These are continuously 

distributed shear as evidenced by the gradual pattern of vertical axis rotations, and thrust 

fault pinning as shown in the El Chorro area (Chapter 4) and the Sierra de Quipar 

(Allerton, 1994).
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The domino-style block faulting pattern of vertical axis rotations such as that 

described by Luyendyk et al. (1985) is not characteristic of this area. Leblanc and 

Olivier (1984) suggested independent motion of the Alboran zone during Miocene times, 

with it behaving as a westward moving indenting block. Leblanc (1990) later maintained 

that a significant portion of Africa-Europe motion occurred on an Trans-Alboran shear 

zone with the Internal and External Betics locked together from upper Burdigalian time, 

given the occurrence of Late Burdigalian folding (Hermes, 1976). Langhian motion on 

the lEZB (Lonergan et at., 1994) and Serravalian motion on the Subbetic Frontal Thrust 

(Banks and Warburton, 1991), occurred in the Eastern Betics, so it is unlikely that this 

section of the Betics was locked during this time. Strike-slip motion is clearly important 

given the widespread strike slip faults across the Betic Cordillera and some of these 

probably accommodate the significant amounts of transcurrent motion that has occurred 

in the last 5 Ma (Dewey et al., 1989). Nur et al. (1989) demonstrated expected patterns 

of vertical axis rotations in the Dead Sea area of Israel. Studies have been conducted in 

other settings of strike slip motion. -Luyendyk et al. (1985) showed that in Southern 

California lithospheric scale stable blocks behave as pivoted dominoes. Jackson and 

Molnar (1990) showed that compression occurred between these blocks as well. The 

strike-slip domino faulting model is less applicable to this section of the Eastern 

Subbetic. It is not suprising that these models developed in southern California are less 

applicable to the Subbetic as the Californian terrane is 95% partitioned into strike-slip 

(Teyssier et al., 1995), whereas the Subbetic was subject to a greater proportion of 

compression than California.

Evidence for continuously distributed deformation comes from correlation plots 

that show geographic zones may be characterised by similar orientations of fold, 

kinematic vector and vertical axis rotation. When these three data sets are compared as 

bivariate samples, it appears likely that kinematic data and fold axes have been rotated in 

the Velez Blanco area. Length scales of rotations are revealed on plots of distance along 

a structural boundary to be of the order of kilometres.

Empirical evidence has been presented for differential rotations between and 

across thrust sheets. Thrust sheet pinning arises when small amounts of shear lead to 

preferential rupturing of obliquely orientated thrust sheets. These rotations are small, but 

in thrust sequences probably can accumulate large rotations.

Dual mechanisms of vertical axis rotation are illustrated on Figure 8.6. Early 

thrust sheet pinning at the deformation front is followed by later distributed shear at the
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back of the mountain belt. Thrust sheet pinning occurs when thrust faults are oblique to 

the strike of the mountain belt. The systematic clockwise vertical-axis rotations 

documented using palaeomagnetism within the Subbetic fold and thrust belt are driven 

ultimately by the obliquity of convergence between the edges of the deforming zone.

8.5 Thesis conclusion.
The purpose of this additional section is to integrate conclusions of this thesis,

and state them in more detail than is possible in the abstract.

The El Chorro area is an imbricate sequence of thrust sheets close to the Internal/ 

External Zone boundary (lEZB). Thrusting was probably active early in the 

development of the mountain belt. WNW-directed kinematic data relating to thrusting 

was formed late in the deformation sequence at an oblique angle to the ENE-strike of the 

local lEZB. Clockwise vertical axis rotations, determined from palaeomagnetic 

declinations confirm that these rocks were subject to dextrally oblique convergence. 

Late strike-slip faults suggest this obliquely directed compression continued into later 

phases of deformation.

A detailed network of palaeomagnetic sites in the El Chorro area reveals 

differential vertical axis rotations between and across thrust sheets. This pattern 

suggests that vertical axis rotation on the kilometre length scale is mediated by a thrust 

sheet pinning mechanism. The study also established that all Jurassic limestones sampled 

from palaeomagnetic sites were overprinted in intermediate temperature demagnetisation 

ranges. A fold test on a structurally well defined monocline indicates remagnetisation 

occurred syn-folding. A high temperature component passes the fold test on the same 

monocline suggesting it has been stable since a time close to deposition. Fluid flow is the 

most likely cause of remagnetisation, probably associated with layer-parallel shortening 

at the deformation front. Vertical axis rotation and folding were also likely to have 

occurred at the deformation front, where thrust faults were initiated, although as 

previously mentioned, presently visible lineations were probably formed later and after 

vertical axis rotation.

A structural study favours a fold-and-thmst belt interpretation of shortening in 

the eastern Subbetic for the mechanically heterogeneous multilayer stratigraphy floored 

by an evaporitic decollement horizon. Locally, in the Velez Blanco area, there is an 

imbricate sequence of backthmsts. Fold axes trend change systematically from 40 to



192

80°, in the northeast corner to the southwest comers of the mapped area. Field examples 

of Mesozoic normal faulting are presented, and it is calculated on the basis of subsidence 

that the lithosphere was stretched from between 1.1 and 1.2 times its original length. 

This rifting caused pronounced lateral variations in stratigraphy. These variations are 

reflected in thmst sheets with widespread thickness changes between and across them. 

This draws into doubt the validity of drawing balanced cross sections. Nonetheless, 

shortening is estimated as 38% on the basis of stratigraphie cut-offs of thmst faults 

whose origin is thought to lie in the cores of asymmetric buckle folds.

A palaeomagnetic study of the Velez Blanco area has characterised rocks with a 

two component behaviour, the harder to demagnetise component passing a fold test. 

The hypothesis that magnetisation occurred close to the time of deposition is supported 

by the comparable magnitude of vertical axis rotations in a section sedimented before, 

during and after the early Cretaceous. The rotation of Iberia explains a 25° difference in 

declinations up section.

The pattern of clockwise vertical axis rotations varies smoothly from zero in the 

NE comer of the area to 60° or more in the centre and west. This transition is over a 

length scale of the order of 5 km. The rotations vary in a continuous fashion and 

differences do not appear to correlate with individual stmctures such as strike-slip faults 

or thmst faults as is the case in the El Chorro area. Instead, this pattern is suggestive of 

a strike-slip shear process, presumably active relatively late in the formation of the 

mountain belt. Qualitative comparison to models of continuous deformation (Lamb, 

1987), e.g. rigid blocks in a highly viscous matrix (limestone blocks in a marl matrix), 

finds that the mechanical arrangement of the Velez Blanco area is not directly analogous 

to such published examples.

Fault kinematic data were collected in the Velez Blanco area. Fibre lineations 

formed in a shear zone correlated at the 95% level with large-scale striations on a 

limestone fault surface, suggesting it is justifiable to measure either shear zone or fault 

surface to assess fault trajectory. Across the area, complex pattems of strike-slip, 

normal and thmst faults cross-cut in many different sequences and orientations. Above 

this apparent noise, consistent SSE-directed thmsting is characteristic of the centre and 

west of the area. The consistency of this direction validates the use of shear zones in the 

assessment of mountain belt strain over a length scale longer than the fault. The SSE-
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directed thrusting or ‘kinematic vectors’ contrast with an ESE-directed thrusting 

characteristic of the east of the area.

By removing vertical axis rotations from kinematic vectors, the local plate motion 

vector between stable Iberia and the Alboran domain is inferred to have been 

approximately N59°W when information on strike-slip partitioning is taken into account. 

The approach of ‘unrotating’ kinematic data requires the assumption that it has been 

passively rotated. Plots of kinematic vectors, fold axis trends and palaeomagnetic 

vectors are correlated as bivariate samples using linear regression and show that folds 

and kinematic data were passively rotated after their initial formation. There is, 

however, the possibility that the most internal thrust sheets in the Velez Blanco area have 

been subject to some thrust sheet pinning. This assertion is formed on the basis that the 

structural indices' characteristic of the Sierra de Maria pop-up zone lie off the main trend 

of the correlation plots.

It is therefore likely that there were two processes active in the Subbetic leading 

to vertical-axis rotations. First, at the deformation front of the mountain belt, thrust 

sheet pinning to the foreland of obliquely directed thrusts allowed rotation of the 

hangingwall with respect to the footwall as the fault grew. Secondly, over longer 

geological timescales, probably comparable to the life of the mountain belt, distributed 

shear concentrated in the internal parts of the orogenic wedge allowed later subsequent 

clockwise vertical axis rotation. Distributed shear is probably later because shear strain 

rates are probably higher only in the more internal parts of the mountainbelt.

8.5.1 Further work.

• The limitation of palaeomagnetic data to structural studies is typically the relative 

scarcity of sites compared to other structural data. It takes much less time to measure 

a horizontal tilt of bedding in a fold or fibre lineations in fault zones than it does to 

assess a vertical axis rotation. Consequently, more palaeomagnetic data would be 

helpful in extending the pattern of vertical axis rotations, particularly to the east of the 

Sierras de Pericay and Gigante.

• The remagnetisation of rocks in the western Subbetic could be better understood if 

detailed work was conducted to characterise the magnetic carriers and assess the 

grain size distributions present.
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Understanding the timing and rate of geological processes becomes an increasingly 

high priority in the earth sciences. Further work would assess the rate of vertical axis 

rotations in syn-orogenic sediments. Although the rocks formed close to the time of 

shortening sampled in the Velez Blanco area had undetectable natural remanent 

magnetisation, sections from other areas in the Subbetic or other mountain belts could 

be found to help address this issue.

Vertical axis rotations can be assessed when a well described velocity field is 

recovered from zones of active deformation. A number of geodetic and seismic 

techniques are available to obtain data from these zones which could improve 

understanding of the role of vertical axis rotation in oblique convergence.



Ref Site Date [GME Grid Reference Rock Lat. (N) Long (W) Average N N % Collection Area >
E N unit /deg.min NRM >.25 Total good method U

1 ZF 08/11/1995 MJ 0.724 7 9 77.8 hand Nerpio U
(D
32 BJ 10/11/1995 MJ 3.27 10 10 100 hand Nerpio

3 FH 19/10/1995 7368 3454 MJ 37.42 2.08 0.18 2 9 22.2 hand Sa de Maria a
4 IM 22/10/1995 7359 3445 MJ 37.41 2.09 2.83 6 6 100 hand Sa de Maria x "
5 LG 25/10/1995 7383 3443 MJ 37.41 2.07 0.08 0 7 0 hand Sa de Maria
6 QE 30/10/1995 7368 3432 MJ 37.41 2.08 1.66 16 17 94.1 hand Sa de Maria
7 RF 31/10/1995 7394 3439 MJ 37.42 2.06 0.15 7 22 31.8 hand Sa de Maria >
8 AA 21/4/1996 7533 3607 U 37.492 1.57 0.38 7 9 77.8 drill Morra de las Ojeras (g9 AB 22/4/1996 7447 3553 U 37.468 2.018 0.12 3 11 27.3 drill Rambla Seca
10 BA 17/4/1996 7411 3486 BU 37.438 2.048 0.05 0 7 0 drill Rio Claro 0
11 CA 16/4/1996 7405 3584 CR 37.492 2.048 14.48 14 14 100 drill Camp, de Monijas (/)

12 CB 20/4/1996 7348 3527 CR 37.462 2.096 2.44 14 14 100 drill Las Cuestas Q .-T
13 CC 20/4/1996 7356 3562 CR 37.48 2.09 8.83 15 15 100 drill Cotijo las Moreras
14 CD 21/4/1996 7589 3545 CR 37.456 1.51 0.42 3 11 27.3 drill Rio Luchena O
15 CE 24/4/1996 7413 3552 CR 37.468 2.048 1.45 8 8 100 drill Las Almohallas Q .

16 DA 18/4/1996 7451 3502 MJ 37.438 2.018 0.32 7 14 50 drill Arroyo de Taibena 5
17 DB 18/4/1996 7435 3507 MJ 37.45 2.03 0.22 7 16 43.8 drill Arroyo de Palenque
18 DC 05/7/1996 7452 3500 MJ 37.438 2.018 0.05 0 16 0 drill Taibena Gorge

(/)
en19 DE 05/7/1996 7444 3498 MJ 37.438 2.018 0.01767 0 16 0 drill Taibena Gorge

20 DF 14/5/1996 7243 3428 MJ 37.396 2.12 0.25 9 19 47.4 drill Sa. de Maria
21 DO 14/5/1996 7468 3590 MJ 37.492 2 0.0286 0 18 0 drill S. de Guadalupe Co
22 EA 28/4/1996 7363 3532 MT 37.456 2.078 0.06 0 7 0 hand Loma de Medio <
23 GA 01/5/1996 7418 3553 T 37.468 2.048 0.09 1 9 11.1 drill Bco. de Palenque O
24 LA 17/4/1996 7404 3484 P-0 37.438 2.048 0.06833 0 12 0 drill Rio Claro
25 LB 21/4/1996 7593 3542 P-0 37.456 1.51 0.0286 0 18 0 drill Rio Luchena S
26 MB 19/4/1996 7452 3575 MT 37.48 2.018 0.07 0 20 0 drill SW Serrata de Guad. (D
27 MC 19/4/1996 7438 3573 MT 37.48 2.024 0.0905 0 6 0 drill Rio Caramel C/)
28 ME 08/4/1996 7411 3573 MT 37.48 2.048 0.0668 0 28 0 drill Rio Caramel c

Q"
29 TA 24/4/1996 7427 3559 MT 37.48 2.03 0.82 16 18 88.9 drill E. Las Almoyas O*
30 XA 13/4/1996 7342 3428 MJ 37.396 2.096 0.23 3 17 17.6 hand S. Sa. de Maria CD
31 XB 01/5/1996 7418 3646 MT N/A N/A N/A 0 4 0 hand Las Almohallas O
32 AC 30/4/1997 7508 3523 U 37.45 1.58 2.15 10 14 71.4 drill NE Gigante
33 AD 30/4/1997 7512 3525 U 37.45 1.58 2.55 11 11 100 drill NE Gigante
34 AE 03/5/1997 7253 3414 Ù 37.4 2.16 0.06 1 12 8.33 drill Bco. de las Molinas

VO

Table A.I. Explanation overleaf.



Ref Site Date IGME Grid Reference Rock Lat. (N) Long. (W) Average N N % Collection Area
E N unit /deg.min NRM >.25 Total good method

35 AF 06/5/1997 7423 3519 U 37.45 2.5 1.02 5 19 26.3 drill N Piedras Bermejas
36 CF 28/4/1997 7308 3542 CR 37.47 2.12 3.52 4 4 100 drill SE Casa Nueva
37 CG 29/4/1997 7308 3503 CR 37.43 2.12 0.25 5 11 45.5 drill Rambla de Enmedio
38 CH 01/5/1997 7393 3560 CR 37.48 2.7 2.11 9 9 100 drill NE Gabar
39 CJ 02/5/1997 7371 3579 CR 37.48 2.7 7.67 11 12 91.7 drill Bco de la Bastida
40 CK 07/5/1997 7479 3596 CR 37.49 2 1.05 11 11 100 drill N Serrata de Guad.
41 DH 04/5/1997 7304 3443 MJ 37.13 2.13 2.7 14 20 70 drill Puntal del Morral
42 LC 07/5/1997 7356 3595 P-0 37.49 2.9 15.38 22 22 100 drill El Colmillo
43 TB 02/5/1997 7401 3552 MT 37.47 2.5 0.06 0 11 0 drill Las Juntas
44 NA 15/9/1997 5025 2598 MJ 36.56 4.47 0.88 10 10 100 drill Tajo de Amorchon
45 NB 15/9/1997 5021 2600 U 36.56 4.47 0.78 8 12 66.7 drill Taj o de Amorchon
46 NC 16/9/1997 5087 2596 U 36.56 4.47 5.89 5 5 100 drill Tajo del Cuervo
47 ND 16/9/1997 5082 2604 MJ 36.56 4.42 1.51 8 8 100 drill
48 NE 17/9/1997 5031 2583 U 36.55 4.43 0.46 14 17 82.4 drill Destiladero de Gaitanes
49 NF 17/9/1997 5065 2594 MJ 36.56 4.46 1.31 13 13 100 drill S Huma
50 NG 18/9/1997 5062 2637 U 36.58 4.45 5.11 18 18 100 drill Puerto de Ramos
51 NH 18/9/1997 5063 2624 U 36.57 4.44 0.35 10 18 55.6 drill Cortijo de la Cabana
52 NI 20/9/1997 5073 2620 U 36.57 4.44 1.04 16 16 100 drill N Sa de Valle de Abdel.
53 NJ 20/9/1997 5063 2617 U 36.57 4.43 0.26 7 17 41.2 drill Salto de la Zorra
54 NK 24/9/1997 5059 2617 MJ 36.57 4.44 7.07 16 25 64 drill Huma
55 CL 23/9/1997 5033 2584 CR 36.55 4.46 2.55 13 13 100 drill Destiladero de Gaitanes
56 NL 24/3/1998 5019 2604 U 36.56 4.47 0.74 20 20 100 drill
57 NM 25/3/1998 5098 2598 U 36.56 4.42 3.49 19 19 100 drill Tajo del Cuervo
58 AG 19/4/1998 7533 3590 AR 37.49 1.57 5.97 20 20 100 drill N Pericay
59 AH 19/4/1998 7503 3575 AR 37.49 1.59 1.75 18 18 100 drill SW Embalse
60 AI 19/4/1998 7524 3588 AR 37.49 1.57 0.05 0 11 0 drill N Pericay
61 AJ 20/4/1998 7363 3544 AR 37.47 2.08 4.87 20 20 100 drill N Gabar
62 D1 18/4/1998 7372 3495 MJ 37.44 2.08 0.47 9 25 36 drill Torretta del Gabar
63 DJ 19/4/1998 7367 3434 MJ 37.41 2.08 0.09 1 20 5 drill Sa de Maimon
64 CM 19/4/1998 7354 3529 CR 37.46 2.09 2.11 12 12 100 drill W Gabar

Table A .I. All drill sites of this study. IGME Grid Reference =UTM Coordinates. Lat.= Lattitude. Long.= 
Jurassic/Litholitis, UJ= Upper Jurassic/ Ammonitico Rosso, T= Tollo, CR= Capas Rojas, MT= Mid.Tertiary, BU= 
This spreadsheet gives the details of all the sites that have been drilled in the Subbetic for the study. Average NRM 
Cartoeranhia Militar (’1973).

Longitude. Rock units: MJ=Mid 
Burdigalian, P -0=  Post orogenic. 
in mA/m. Areas refer to places on o\
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APPENDIX 2: Shortening oblique and orthogonal to the thrust belt.

Many assessments of shortening are based on orthogonal to mountain belt cross 

sections. In the case of obliquely convergent thrust belts, transport is non-parallel to 

strike of the mountain belt, so it is necessary to distinguish between the true shortening r, 

and the apparent shortening r̂ . Two techniques are now considered.

A.2.1. Equal area balance.

The basis to this technique is the conservation of volume, where the current area 

of the cross section is equal to the original area of the undeformed rocks. Oblique 

shortening progresses according to figure A1. In the orthogonal case:

A1sa = {s + r^)b ^  r̂. = 5| — -  1

In the oblique case 

ta = {t-\- r, )b r. = t A2

But, as r. = r, cos Y , as can be seen on figure A l,

^ = fco sY  A3

Consequently, any obliquity of transport will lead to an underestimation in the area 

balance method.

(a)

M ap view

(b)

(c)

X

X

X,

X,

Cross sections

Figure A l. (a) Obliquely convergent shortening. Cross section oblique (b) and orthogonal (c) to strike of 

mountain belt.

A.2.2. Line balance based on cut-offs.

A more complex technique is required for the addition of cut-offs. If shortening 

occurs across a thrust fault, d \  then the dip of the fault plane is (3. The hangingwall and 

footwall are shown on figure A2.

The total shortening across n faults is

A4
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From figure A2 it can be seen that 

d
cosy =

d'
A5

Combining A4 and A5,

r, =  cosy A6.

Consequently, it is possible to compare the shortenings if the angle between the two 

transport directions on the fault planes can be established.

If the vector for the true offset is OD (cos \|/, sin \|/, tan p) and the fault plane 

contains also OA (sin V|/, -cos \\f, 0), and passes through the origin, and hence the 

equation of the fault plane is:

X tan p cosij/ + y tan p sin\j/ - z  = 0 A l

Orthogonal ^  
to mountain belt

OO'

Footwall cut-ofif^

Hangingwall cut-off'
Coordinate
system Fault surface 

enlarged

Figure A2. Thrust sequence oblique to the strike of the mountain belt.

This coincides with the mountain belt orthogonal direction, defined by the plane y = 0. 

Hence the vector of the apparent transport is OD’ (1,0, cos \|/ tan p).

Using the dot product:

OD. OD' cos Y
cosy =

|0D |0D '| cosp^l-l-cos^ 'Ftan^ P 

and in the case where P = 30°:

A8

2cos'F
A9.cosy = I  ̂ =

V3 +  C 0S  Y

The implication of using an orthogonal section will overestimate the shortening if the 

thrust faults are oblique to the strike of the mountain belt.
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