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Stress field and thrust kinematics: a model for the tectonic inversion of the 
Cameros Massif (Spain) 
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Abstract--Alpine tectonics of the Cameros Thrust has been studied from several points of view: geometry 
(surface and sub-surface structure, three-dimensional outline of the thrust), kinematics (transport direction) and 
dynamics (characterization of the regional compressional stress field). All three aspects are related by means of a 
model based on Bott's equation. Under a N to NNE horizontal compression, with an average stress ratio R = 
(a~ - ax)/(oy - ax) = 0.2, the eastern ramp of the Cameros Thrust (oriented 155 °, 300W) underwent a strike-slip 
right-lateral movement with a small reverse component. This gave rise to rigid displacement of the Cameros 
block towards the NNW and produced a 'guided movement' on the western, frontal ramp (oriented 060 °, 13°S). 

INTRODUCTION 

THE Cameros Massif, together with the Sierra de la 
Demanda, forms the north-westernmost sector of the 
Iberian Chain. This is an intraplate chain built up mainly 
during the Palaeogene between the Ebro, Duero and 
Tajo Tertiary basins. The Cameros Massif is made up of 
a thick cover of Jurassic and Cretaceous rocks overlying 
the Hercynian basement and the Triassic of Germanic 
facies, the clay and gypsum beds of the Keuper acting as 
a detachment level between both structural levels. The 
region shows a structure of flat lying beds only disturbed 
by some gentle folds trending E-W and NW-SE (Fig. 1). 

To the north of the Cameros Massif is the western 
sector of the Ebro Basin, filled with Tertiary continental 
clastic, lutitic and evaporitic deposits (4000-5000 m 
thick). The boundary between these two units is an 
important thrust with a large horizontal displacement, 
25-30 km after Casas-Sainz (1990) and 30-35 km after 
Guimer~ & Alvaro (1990). The strike of this thrust 
changes from NE-SW in the western part to E-W and 
NW-SE in the east, forming a continuous front of 90 km. 

Westwards of the Cameros Massif, the Hercynian 
basement of the Sierra de la Demanda overthrusts the 
Tertiary deposits of the Ebro Basin. The strike of this 
new thrust is slightly different from that of the western 
part of the Cameros Thrust (see the Anguiano area on 
the maps of Figs. 1 and 3). The contact between the 
Demanda and the Cameros massifs shows compressive 
structures, which have been interpreted as related to a 
lateral ramp uplifting the Hercynian basement over the 
Mesozoic rocks of the Cameros Basin (Ramirez et al. in 
press). This implies a relative convergent movement 
between these two massifs within the hanging wall of the 
whole thrust sheet, and some independence of their 
respective displacement vectors. 

The different directions of the thrust front are strongly 
conditioned by basement faults whose vertical displace- 
ment during the Upper Jurassic-Lower Cretaceous gave 

rise to the development of the Cameros Basin. This has 
been interpreted as a synclinal basin developed over a 
half-graben within the basement, the latter being con- 
trolled by NW-SE normal faults in its NE boundary. 
Jurassic limestones were detached over Upper Triassic 
plastic beds and stretched without losing their overall 
continuity, and covered by 5000 m of fluvial and lacus- 
trine deposits (Guiraud & S6guret 1984). During the 
Tertiary, the listric normal faults which controlled the 
development and subsidence of the graben moved with a 
reverse component, in a process of tectonic inversion 
which recovered the former normal offset and raised the 
Cameros block to its present position (see Figs. 2b&c). 
Thus, the present thrust delimits more or less the north- 
ern margin of the Cretaceous basin, and the geometry of 
the thrust surface below the Cameros massif constitutes 
an accurate replica of it. 

The Cretaceous sequence has been well preserved 
during the Tertiary compressional stage (Tischer 1966, 
Guiraud & S6guret 1984). The Cameros Massif moved 
as a solid block, undergoing internal deformations of 
very small amplitude relative to the throw of the thrust; 
the gentle E-W and NW-SE folds mentioned above, 
which constitute the most important structures in the 
interior of the massif, are considered to be of Cretaceous 
age. That was possible because of (1) the presence of 
the Keuper detachment level, and (2) the rigid behav- 
iour of the thick Cretaceous sequence, in part due to the 
hardening caused by diagenesis and incipient metamor- 
phism during the Lower Cretaceous (Guiraud & S6guret 
1984). 

Thrusting occurred in the Tertiary under a nearly N-S 
compressional field by propagation through the north- 
ern part of the Iberian plate from its convergent margin 
with the European plate. Characterization of this stress 
field has been possible by using palaeostress analysis 
from fault populations measured in a number of selected 
outcrops. 

The purpose of the present work is to integrate vari- 
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ous types of information (geometry, transport direction 
and stress field), obtained from completely independent 
methods and reported in the following sections, into a 
kinematic-dynamic model based on Bott 's equation 
(Bott 1959): 

for the purpose of the model, as being composed of two 
ramps striking nearly orthogonal to each other (average 
orientations of 155°/30°W and 060°/13°S) and a fiat (Fig. 
3b). 

tan 0 : (n/lm) [ m 2 - ( 1 - n  2) (az-Ox/(tTy-Ox)], 

where 0 is the pitch of the potential slip vector on the 
fault plane (parallel to the shear component);  l, m, n are 
the direction cosines of the fault plane referred to the 
principal stress axes; and Ox, try and az are the principal 
stresses so that cr z is vertical or near vertical and Cry > ax. 
From this model it will be demonstrated how the exter- 
nal stress field, acting on fault planes of known geom- 
etry, has determined the type and orientation of the 
thrust movement inferred from field data. 

In our opinion, the use of Bott 's equation is justified in 
this case for several reasons. 

(1) Thrusting occurred inside the Iberian plate, so 
that faulting was not directly controlled by the kinema- 
tics of the northern,  nearest plate margin but by the 
stress field propagated from that margin through the 
northern Iberian Peninsula. 

(2) As we will see later, our stress analysis allows us to 
define approximately the mean features of the external 
stress field, so that they can be introduced into the 
calculations as simple numbers expressing the average 
axis orientation and stress ratio. 

(3) The rigid behaviour of the Cameros block, with 
Tertiary deformation scarce and mainly restricted to its 
boundaries, approaches the conditions needed for solv- 
ing the problem by means of brittle failure analysis. 

THREE-DIMENSIONAL GEOMETRY OF THE 
THRUST SURFACE 

Macrostructures of the Cameros region have been 
recently studied by Casas-Sainz (1990). Using detailed 
mapping of surface structures as well as subsurface data 
(deep boreholes and seismic profiles), several structural 
sections across the massif have been made (Fig. 2). 
Almost all of them show a single low-angle thrust, 
except those in the eastern zone (Arnedo).  Here  two 
thrust surfaces can be differentiated: an older 
(Oligocene-Lower Miocene) blind thrust whose surface 
expression is the ramp-induced anticline of Arnedo and 
a younger one (Middle-Upper(?)  Miocene) which 
moved over the former structure and constitutes the 
present Mesozoic-Tertiary boundary at the surface. 

By integrating data from all the structural sections, a 
contour map of the thrust surface can be constructed 
which represents its three-dimensional geometry (Fig. 
3a). The map shows a zone of maximum dip of the 
surface (about 30 ° ) below the eastern sector of the thrust 
front (oriented SSE), and another zone with average dip 
of 13 ° below the western sector (oriented ENE).  Be- 
tween both there exists an area where the thrust surface 
lies nearly horizontal. This geometry can be considered, 

THE DIRECTION OF TECTONIC TRANSPORT. 
KINEMATIC ~DICATORS 

A number of kinematic indicators have been observed 
along the thrust front, either on or near the thrust 
surface. Almost all of them are in good agreement with a 
single movement towards the NNW, so that a transport 
of the whole Cameros block in this direction can be seen 
as a reasonable hypothesis. 

The arguments that support this interpretation are the 
following (Fig. 4). 

(1) Many striations measured on the thrust surface in 
the western sector have an average azimuth of 340-345 ° . 

(2) Associated with the eastern ramp we have ob- 
served a secondary hangingwall thrust, parallel to the 
main one, showing strike-slip striations. In this sector 
there are also some folds trending ENE.  

(3) The Arnedo anticline (see Fig. 4) seems to rep- 
resent a 'compressional step' between two different 
segments of the eastern ramp. This also agrees with a 
main strike-slip movement  on this ramp. 

Therefore  the western sector of the thrust (striking 
ENE)  can be considered as a frontal ramp, whereas the 
eastern one (SSE) represents an oblique, nearly lateral 
ramp (showing only a minor reverse component).  If we 
consider the striations measured in the western sector as 
the most reliable data, the azimuth of the average 
displacement vector for the whole Cameros block can be 
estimated as being 340-345 ° . That means that the tec- 
tonic inversion was not coaxial: the Tertiary thrusting 
took place following a transport direction at about 60 ° 
from the NE-SW Cretaceous extension. 

THE REGIONAL STRESS FIELD 

Palaeostresses related to the Tertiary compressional 
period have been inferred from stylolites and striated 
fault planes measured in 25 outcrops. Unfortunately, 
although a search for mesostructural sites was made over 
the entire region during a 4-year field survey, due to the 
lack of suitable rocks the sites are not homogeneously 
distributed but concentrated near the thrust front both 
in marine Jurassic limestones and Oligocene and Mio- 
cene conglomerates. Striation analysis has been made by 
combining three methods: right dihedra (Angelier & 
Mechler 1977), Etchecopar 's  method (Etchecopar et al. 
1981) and y -R  diagram (S imrn-Grmez  1986). From this 
analysis we have obtained, at each site, both the orien- 
tation and shape of the deviatoric stress ellipsoid, the 
latter being represented by the stress ratio used in Bott 's 
equation: R = (Oz-Crx)/(~ry--Ox). This study makes an 
essential part of the Ph.D. thesis of Casas-Sainz (1990), 
and is exposed in more detail in Casas et al. (in press). 
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All the results are compiled in the synthetic y-R 
diagram of Fig. 5(a), without taking into account the 
plunge of the stress axes (y = azimuth of oy, R = stress 
ratio; Oy = el if R < 1, Oy=O2 ifR > 1). A wide range of 
al directions can be seen, although most of them are 
oriented around N-S (between 150 ° and 025°). On the 
other hand, if we take into account the number of faults 
used for defining each ellipsoid (see rose diagram of Fig. 
5b) we find that the directions between 000 and 020 ° are 
clearly the most frequent. 

Consider now the spatial distribution of stress (Fig. 
5c). The 000-020 ° compression is the most common in 
the analyzed stations, whereas the NNW one is present 
only in the western sector and, more clearly, in a zone 
situated to the south of Arnedo and limited by two broad 
fault zones running NNW-SSE: the thrust front and the 
Muro de Aguas fault zone. These facts suggest that the 
000-020 ° compression represents the true 'primary' or 
external stress field, whereas the other directions rep- 
resent local deflections of the former induced by major 
structures. In the case of the Arnedo zone, the observed 
type of deflection can be easily explained (according to 
the models of Xiaohan 1983) as a consequence of its 
location within the compressional step between the 
eastern right-lateral faults. 

The hypothesis of a single stress field has received 
further support after performing a mathematical model 
using the finite element method (Casas-Sainz 1990, 
Casas et al. in press). According to this model most of 
the stress directions inferred from field data can be 
explained by a single NNE horizontal compression def- 
lected by some major discontinuities. On the other 
hand, some data obtained within the Ebro Basin, where 
no major fault seems to be active under the mentioned 
compressional field, show only N to NNE compression 
(Gracia & Sim6n 1986, Casas-Sainz 1990). The same 
regional compression direction has been inferred in 
neighbouring areas (i.e. the linking zone between the 

Iberian Chain and Catalan Coastal Ranges) from geom- 
etry and kinematics of macrostructures (Guimer~ 1984, 
1988). 

The alternative hypothesis of a primary compression 
oriented NNW (parallel to the second maximum in the 
diagram of Fig. 5b and normal to the western ramp) has 
been laid aside. The stress tensors showing NNE o~ axes 
could not be explained as local deflections of a NNW 
compression according to the model of Xiaohan (1983). 
So a NNW compression cannot be the only primary field 
in the region. It is true that the NNW compressional 
field, which represents the main Miocene compression 
direction in the eastern part of the Iberian Chain 
(Sim6n-G6mez 1986) could act beside the NNE one. 
Nevertheless, it is unlikely since no firm evidence of it 
has been found in our region; all the NNW o~ directions 
obtained are located in areas showing major faults able 
to produce deflections of stress trajectories which are 
well explained by our regional stress model. 

Briefly, the regional or 'primary' stress field respon- 
sible for the thrust movement of the Cameros block can 
be characterized using only a part of the y-R diagram of 
Fig. 5(a) (marked with a rectangle). The ol direction 
ranges from 000 ° to 025 ° (mean 012 °) and the stress ratio 
is between 0.5 and -0.1 (mean 0.2). 

RELATIONSHIP BETWEEN THRUST 
MOVEMENT AND REGIONAL STRESS FIELD 

Can the thrust movement be explained by the stress 
field inferred using Bott's equation? To answer this 
question we analyse separately the movement on each 
ramp of the Cameros Thrust. We start with the eastern, 
nearly lateral ramp, by applying Bott's equation to the 
average values of the stress field and ramp orientation. 
The results are plotted on Fig. 6 (pitch of striation 
against R ratio). The central diagram shows the 

® " @ " ® . 
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Fig. 4. Kinematic indicators of the transport direction, observed in four outcrops on or close to the thrust surface; A, thrust 
planes and striations; B, cleavage poles. Arrows indicate the main component of relative displacement on each ramp 
(according to the kinematic data) resulting in a general transport to the NNW. In sites 1 and 3, an apparent normal 

movement results from the local NNW dip of the thrust surface. 
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Fig. 5.(a) Synoptic y-R diagram showing all the deviatoric stress tensors inferred from the analysis of fault samples in the 
whole studied region. N: number of faults defining each tensor. The central rectangle indicates the parameters attributed to 
the primary or external stress field. (b) Rose diagram of aximuths of horizontal al axes, weighted according to the number of 
faults explained by each stress tensor; radius = 5% of data for classes of 10 °. (c) Reconstruction of the regional 
compressional stress field; 1, horizontal stress directions in each mesostructural site; 2, or1 directions in sites where several 

compressional stress tensors were inferred; 3, hypothetic o] trajectories. 

expected striations for the standard azimuths of the 
ramp (155") and the or1 axis (012"). This represents an 
angle (2) of 37* between both azimuths. The other 
diagrams correspond to 2 values of 30* and 50 °, respect- 

• ; 14z5-C 

ively. In every case three different curves have been 
drawn for three possible dips of the ramp: 20 ° , 30 ° and 
40 ° . It can be seen that the calculated striation pitches 
tend to be small and positive; this implies a right- 
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lateral strike-slip movement with a small reverse com- 
ponent,  which shows general agreement with field infor- 
mation. 

In order to obtain a value for the pitch of the slip 
vector we can constrain the calculation using the most 
reliable values of ramp orientation (155°/30°W) and the 
average stress parameters (012 °, horizontal ch axis; R = 
0.2). In such conditions Bott 's equation predicts a pitch 
of 16 ° (see the black circle on the central diagram of Fig. 
6), which represents a slip vector oriented towards 350 ° 
and plunging 8%. In order to check if the predicted 
vector agrees with our actual data both components 

Fig. 7. Mohr  diagram of the mean  regional deviatoric stress with 
plotting of planes corresponding to the average orientations of the 

eastern (e.r.) and western (w.r.) ramps. 

(trend and plunge) must be considered separately be- 
cause the data needed for their calculation come from 
independent sources. Firstly, the 350 ° azimuth should be 
compared with the 340-345 ° direction of displacement 
calculated from kinematic indicators; the agreement is 
good. Secondly, the predicted plunge of 8 ° also ap- 
proaches that deduced from the ratio between the verti- 
cal and horizontal offsets measured on the structural 
cross-section of Fig. 2, which runs approximately paral- 
lel to the transport direction. This ratio gives an angle of 
12 ° which is only slightly greater than the calculated 
value. So we can conclude that the inferred movement 
on the eastern ramp can be adequately explained under 
the regional stress field according to Bott 's equation. 

On the contrary, the frontal ramp (060°/13%) could 
not move purely as a reverse fault since application of 
Bott 's equation to this plane, considering a ol direction 
between 000 ° and 025 °, would only produce such move- 
ment for R -~-  15, which is not compatible with our data. 
This is not a surprising result. If the Cameros Massif 
actually moved as a rigid block following a fixed trans- 
port direction, both ramps underwent simultaneous, not 
independent slip. In such conditions the general rule is 
that only one of the two movements can be determined 
directly by the stress field, whereas the other one should 
be a 'guided movement '  (in the sense of Etchecopar 
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Fig. 8. Kinematic-dynamic model proposed for the Cameros Thrust movement, including the regional stress field and the 
resulting displacements on the two main ramps. The movement on the eastern ramp (e.r.) is controlled directly by regional 
stress, whereas that on the western ramp (w.r.) is a 'guided movement' induced by the rigid behaviour of the Cameros block. 

Stereoplot: Schmidt net, lower-hemisphere. 

1984). In our case, it seems to be clear that the stress- 
controlled slip occurred on the eastern, nearly lateral 
ramp, and the guided slip occurred on the western, 
nearly frontal ramp. 

The application of the Mohr-Coulomb failure cri- 
teflon gives further support to this model. If we rep- 
resent the planes of both ramps on a Mohr diagram (Fig. 
6b) we find that the orientation of the eastern ramp is 
more adequate for slipping under the calculated stress 
field than the western one. 

CONCLUSIONS 

Intraplate thrusting of the Cameros Massif over the 
Tertiary Ebro Basin during the Oligocene to Middle 
Miocene represents a case of tectonic inversion with 
respect to the Upper Jurassic-Lower Cretaceous epi- 
sode of subsidence of the Cameros Basin. Listric normal 
faults that controlled the development of the basin 
moved with a reverse component during the Alpine 
Orogeny, using the clay and gypsum beds of the Keuper 
as a detachment level. The small amplitude of intern- 
al deformations in the sheet relative to the throw of 
the thrust suggests a relatively rigid behaviour of the 
Cameros Massif, which may be attributed to the large 
thickness of Mesozoic deposits (about 5000 m) and the 
hardening caused by incipient metamorphism. 

The direction and sense of displacement, as inferred 
from kinematic indicators, was 340-345 ° . This implies 
that the main normal faults of the Cretaceous basin, 
oriented 155°/30°W, underwent right-lateral movement 
with a small reverse component, being nearly a lateral 
ramp of the thrust. At  the same time, another shallower 
dipping fault plane, striking 060 ° and bordering the basin 

to the north-west, moved as frontal ramp (near pure 
reverse slip) (Fig. 7). 

This kinematic scheme may be explained under the 
regional stress field propagated through the Iberian 
plate from its convergent northern boundary. Palaeo- 
stress analysis from fault striation data allows us to 
characterize the primary or external stress field as a 000- 
025 ° horizontal compression with stress ratio R = 
(Oz--Ox)/(Oy--Ox) comprised between 0.5 and -0 .2  
(although it is deflected around major faults). Introduc- 
ing these parameters into Bott 's equation, the predicted 
slip vector on the SSE ramp shows a mainly right-lateral 
strike-slip component with a small reverse one (average 
pitch of 16°). This agrees with the inferred 340-345 ° 
azimuth of displacement and the vertical-horizontal 
offset ratio deduced from deep structural sections. How- 
ever, the reverse movement on the 060 ° ramp cannot be 
explained in the same way and its orientation is not so 
auspicious as the other for sliding according to the 
Mohr-Coulomb criterion. Nevertheless, it can be 
explained as a 'guided movement '  induced by the rigid 
displacement of the Cameros block. 

A last reference to the relation between the Cameros 
and Demanda thrusts is now necessary. As we have said 
in the introductory section, there exists a convergence 
component between both massifs, their respective dis- 
placement vectors being relatively independent. Our 
model deals only with the kinematics of the Cameros 
Thrust, so that any extrapolation to the Demanda 
Thrust is not justified. 
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